UNCLASSIFIED 


_ AD  NUMBER _ 

AD804590 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors ; 

Administrative/Operational  Use;  NOV  1966.  Other 
requests  shall  be  referred  to  Rome  Air 
Development  Center ,  Griff iss  AFB,  NY. 


_ AUTHORITY 

RADC  ltr  17  Sep  1971 


THIS  PAGE  IS  UNCLASSIFIED 


804590 


RADC-TR-66-663 
Final  Report 


SURFACE  WAVE  BEHAVIOR  IN  PHASED  ARRAYS 


Dr .  L  .W ,  Lechtreck 
Sylvonla  Electronic  Systems-East 
A  Dlvhlof,  of  Sylvanki  Electric  Product*  Inc. 
100  First  Avenue,  V  jlthom,  Mom.  02154 


TECHNICAL  REPORT  NO.  RADC-TR-66-663 
November  1966 


ThI*  document  I*  subfect  to  special 
•>:port  c  Jntrols  and  each  transmittal 
to  foreign  government*  or  foreign 
national*  may  be  made  only  with 
prior  approval  of  RADC  (EMU) 
GAFB,  N.Y.  13440. 


Rome  Air  Development  Center 
Research  and  Technology  Division 
Air  Force  System*  Command 
Grlffla  Air  Force  Bose,  New  York 


BEST 

AVAILABLE  COPY 


SURFACE  WAVE  BEHAVIOR  IN  PHASED  ARRAYS 


Dr.  L.  W.  Lechtreck 
Sylvania  Electronic  Systems -East 
A  Division  of  Sylvania  Electric  Products  Inc. 
100  First  Avenue,  Waltham,  Mass.  02154 


This  document  is  subject  to 
special  export  controls  and 
each  transmittal  to  foreign 
governments  or  foreign  nationals 
may  be  made  only  with  prior 
approval  of  RADC  (EMU),  GAFB, 
N.Y.  13440. 


J 


ABSTRACT 


Mutual  coupling  In  a  phased  array  can  cause  its  radiation  performance  to  vary  with 
electrical  phasing  used  to  steer  the  array.  Large  performance  degradations  can  accrue 
when  many  coupling  contributions  add  in-phase.  This  happens  when  the  steering  phase 
advance  equals  the  mutual  coupling  phase  delay  between  consecutive  elements.  For  these 
critical  scan  directions  reflections  can  be  very  large,  and  the  antenna  array  will  transmit 
or  receive  very  little  power,  as  evidence  by  deep  holes  in  the  element  radiation  pattern. 

A  large,  flat,  uniformly  spaced  array  of  Identical  antenna  elements  is  analyzed. 

A  relationship  is  found  between  critical  scan  angle  and  mutual  coupling  coefficients. 
Element  radiation  pattern,  ntvtive  array  mismatch,  and  radiation  efficiency  are  shown  to 
be  equivalent  representations  of  phased  array  scan  performance. 

Extensive  radiation  pattern  and  mutual  coupling  measurements  were  made  !n  a 
planar,  equi-angular  array  of  coaxial  horn  antennas.  These  measured  mutual  coupling 
coefficients  were  summed  over  columns  of  the  test  array.  The  phases  of  these  column 
sums  were  found  to  vary  linearly  with  distance.  At  the  critical  scan  angle,  all  columns 
on  one  side  of  the  array  couple  in-phase  and  re-radiate  destructively,  causing  deep  holes 
in  array  coverage  and  in  element  radiation  pattern.  Empirical  coupling  velocities  were 
less  thsn  the  free  space  velocity  of  light.  Radiation  holes  appeared  at  scan  angles  which 
were  smaller  than  those  for  which  the  grating  lobe  maximum  enters  real  space. 

Many  physical  perturbations  of  the  array  geometry  were  investigated  experimentally 
to  determine  their  influence  on  array  scan  performance.  Several  diverse  array  types  are 
reported  to  have  radiation  minima  attributable  to  in-phase  coupling  accumulation. 
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INTRODUCTION 


Tmbl,  *  1MenM  — coherently 

controlling  the  phase  (or  time)  ,i"  '  66,1118  The  pha8e<J  »r»y  Is  steered  by 

J7  ,  P  *  (°r  Ume>  aell!’“  «™«cted  to  each  antenna  element 

pe  jr  rsrr — “ -  -■  -  * — 

with  maximum  effect  on  Derf  ”  *"*  *  CoupUng  cont«tutlons  accumulate  ln-phase 

secutlve  steering  phase  US'™,  a  th“6  Cr“iC111  ““  ‘UrecUon<!  (or  whlch  «*  «»- 
descrlbes  the  nature  of  this  c  T'  tne  mutual  coupling  phase  delays.  This  report 
formance.  “iPU"8  -  *  effect  on  array  scan  per 

The  analysis  Is  general,  not  unique  to  anv  narH™io 

assumed  be  large  and  planar  »i«h  Identical  antenna . .n^TlT*'  *“ 

antenna  element  is  excited  with  th*  ..  ements  at  uniform  spacing.  Each 

rr~ — » = nr. rrr^r 
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SECTION  I 

THEORY  OF  COUPLING  ACCUMULATION 


Mutual  coupling  in  phased  arrays  causes  the  antenna  active  impedance  to  vary  with 
ysffin  gcan  angle.  The  Impedance  variation  and  consequent  radiation  pattern  degradations 
can  be  computed  from  the  array  mutual  coupling  coefficients  and  antenna  drives.  Both  are 
knowable.  The  transmission  line  voltages  driving  the  antennas  are  determined  by  the  array 
tymminaHr an  taper  and  radar  scan  direction.  The  mutual  coupling  coefficients  are  know- 
able  either  from  measurement  ur  analysis.  From  this  knowledge,  one  can  construct  the 
active  impedance,  scanning  reflection,  element  power  pattern,  and  target  illumination 
intensity  vs.  scan  angle.  The  analysis  here  will  be  general,  not  unique  to  any  particular 
antenna  type.  We  will  assume  tot  the  array  is  large,  flat,  and  has  uniform  interelement 

spacing. 

Figure  1-1  shows  a  uniformly  spaced,  planar  phased  array  and  its  coordinates. 

The  array  face  is  in  the  XY  plane.  The  Z  axis  is  the  array  normal  and  the  pole  of  a 
spherical  coordinate  system.  0  is  the  polar  angle  measured  from  the  outward  array  normal; 
4,  Is  the  longitude  about  this  normal.  The  small  circles  in  Figure  1-1  represent  potential 
antennas.  In  a  uniform  rectangular  array,  identical  antenna  elements  occupy  every  circle; 
separations  dx  and  d  are  independent  design  constants.  In  an  equiangular  hexagonal  array 
identical  antennas  occupy  alternate  circles  (in  checkerboard  fashion)  with  dx  =  ^dy. 

Any  plane  containing  the  hexagonal  array  normal  and  passing  through  any  one  of  the  6 
closest  elements  is  called  a  cardinal  plan  (e.  g.  +  =90> ).  The  bisecting  planes  are  called 

inter  cardinal  planes  (e.  g.  <t>  *  0® ). 

1. 1  ACTIVE  REFLECTION  COEFFICIENT 

An  array  of  M  x  N  antenna  elements  constitutes  an  MN  port  network,  whichusually 

is  reciprocal,  lossy  (radiating),  and  obeys  linear  superposition.  The  active  mismatch 
of  the  central  (0, 0)  antenna  element  (with  all  neighbors  suitably  excited)  is  given  by  the 
following  exact  relation: 

r  -Zl’Jr*'  <W) 

■M  M  AA 


where 


m  n  00 

S  =  mutual  coupling  coefficient  between  the  central  (0, 0)  antenna  and 
mn  the  (m,  n^)  antenna 

V  *  drive  applied  to  the  (m,  nth)  antenna 

V  «  drive  applied  to  the  (0,  (Jth)  antenna  element. 

00 
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Itch  antenna  drive  V^n  ia  characterised  by  an  amplitude  and  a  phase  angle.  The 
amplitude  la  determined  by  the  choaen  array  illumination  (assumed  uniform  in  the  neighbor¬ 
hood  of  the  reference  element  0, 0).  The  phaae  ia  aetermlned  by  the  beam  pointing  direction 
and  controlled  by  the  array  ateering  network.  The  ateering  phase  advance  is  assumed  to  be 
iiie  exact  complement  of  the  radiation  retardation  in  the  selected  direction  qf  the  array 
scan.  Thus  all  array  radiation  contributions  add  in  phase  when  theiar  field  observer  at 
r,  6 1 0  ia  at  a  maximum  of  the  steered  beam  6  ■  0g,  0  ■  0g*  The  drive  applied  to  the 
(m,  n)^  antenna  is 


■  e 


■jKQ[mdxsin  0gcos  0g  + 


nd  sin  6  sin  0  1 
y  b  s 


(1-2) 


Subscripts  "s"  refer  to  the  array  steering  command*.  The  phase  increments  between  con¬ 
secutive  columns  and  rows  are  respectively 


\  *  K^sin  tfgcos  0g  ■  2jt(  jp- )  coe(x,  r) 

o 

(1-3) 

d 

^  *  Ko^y81"  0sSin  C°S(y’  r) 


where  cos(x,  r)  and  cos(y,  r)  are  direction  cosines  between  the  scan  beam  and  the  X  or  Y 
axis  respectively.  Inserting  equations  (1-2)  and  (1-3)  into  (1-1)  yields  the  array  active 
reflection  coefficient  r(*x,  4^)  and  its  Fourier  complement  Smn. 


(1-4) 


Smn  =  (a?) 


J(m*  +  n* ) 

r  (*x’  V®  y  d^xd% 


(1-5) 


1.  2  PERIODICITY  AND  SYMMETRY  OF  SCAN  MISMATCH 

Equation  (1-4)  shows  that  the  active  reflection  coefficient  is  a  periodic  function  of 
^  and  *y. 
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■  r 


*  rectangular  array,  the  period  la 


1*  »  2nm  or 


2.  »  2jrn  ,  or 


Acos(x,  r)  *|  ji  n  • 
Acos(y,r)  -(g2)  n 


m  and  n  are  arbitrary  Independent  Integer.,  generating  the  famtlar  grating  lobe  eerie*  At 
each  grating  lobe  the  steering  command  *  and  *  renoata 

tton  l.  .1.0  repetitive.  *  ?  «» active  rellec- 

A  —P”1*1  •*  regarded  a.  the  .urn  of  two  Interlaced  rectangular  array. 

It.  active  reflection  coefficient  ha.  a  period  rectangular  array., 

1.  A*x.vm  or  Aco.(x,  r)  .&-)  ^  lnd 

2'  A1y  * ”  "  Aco.(y,r)-^;  . 

for"  the" heragoml'array.1*17  ^  ^  *»  «*  «-  — 

usually  met  in  ~/.fo  i  . .  *  r  Theae  symmetry  conditions  are 

antenna  element..  ‘r  “  e”,80na!  "»*•  of  linearly  or  clrcutarl,  polarized 


1  3  BIPHASE  COUPLING  ACCUMULATION 

Equation  (1  -4)  .how.  that  the  active  reflection  coefficient  r(*,  *)  ls  , 

:::r  bc:pied  ««..  E.ch  ?0*Lion  „  zzu, 

y  *  many  coupIing  contributions  can  add  in-phase  to  produce  a  laree  mlsma  rh 
resulting  to  mtobna,  radiation  to  certain  critical  .can  ^ctlon.^..  crt~ 

angle,  will  now  be  evaluated  In  term,  of  the  array  mutual  coupling  confident..  " 


J 


1 


Consider  array  steering  in  the  principal  plane  ( #g  ■  0)  containing  rows  of  a 
rectangular  array,  or  in  the  Intercardinal  plane  of  a  hexagonal  array.  All  antenna  ele¬ 
ments  in  any  column  are  driven  in  the  same  phase  (see  Figure  1-2).  The  steering  phase 
increments  (equation  (1-3))  become 


sin  6. 


v°- 


(1-6) 


The  array  scan  mismatch  (equation  (1-4))  becomes 


r<**>  *  z  <z  <w« 


m  n 


(1-7) 


The  inner  summation  is  over  all  the  elements  in  any  one  column  "m";  the  outer  summation 
is  over  columns  of  the  array.  ‘The  net  coupling  contribution  from  any  one  column1  can  be 
written  in  terms  of  its  amplitude  and  phase 


^  A  e 

mn  m 


d-8) 


The  phases  of  the  column  coupling  coefficients  4^  are  imjwrtant  in  determining  the  scan 
capabilities  of  phased  array.  Each  is  a  function  of  the  column  Index  Iml. 
Experimental  evidence  (Figures  1-3  and  J-4)  indicates  that  ^  is  almost  exactly 
proportional  to  the  column  index  |m  |  and  hence  proportional  to  the  physical  separation 
|m  |dx  between  the  mth  column  and  the  reference  element  (0, 0). 

This  linear  phase  delay  with  distance  can  be  understood  from  the  physical  mechanism 
causing  column  coupling.  All  elements  in  the  mth  array  column  are  excited  with  the  same 
amplitude  and  phase;  all  elements  outside  this  column  are  terminated  in  a  resistance  Z 
T-e  individual  antenna  elements  in  the  m1*1  column  are  Huygens  sources.  Their  fields  add 
to  produce  a  Unear  phase  front  parallel  to  the  array  column,  when  observed  at  distances 
which  are  great:  in  comparison  to  a  wavelength,  and  in  comparison  to  the  interelement  spac¬ 
ing.  The  wave  travels  across  the  array  face  at  a  uniform  velocity,  since  the  phase  delay 
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Figure  1-2.  Array  Column  Steering 
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Figure  i-3. 


„  t  inearlv  Polarized  Coaxial  Horns 

Phase  of  Column  Coupling  for  Linearly  ro 


1 


S66-12 


COLUMN  SEPARATION!  \m\dj\ 

°'6  '»  Id  '■»  2.0  L  2.4  2.4  2.8  3.0  3  2 


Ml 

Ml 

MS 

Mb 

fitt 

■■■■■BSggggggBBB 


Figure  1-4.  Phase  of  Column  Coupling  for  Circularly 
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Polarized  Coaxial  Horn*. 


lm  U  proportion  to  distance  This  ware  is  intercepted  by  consecutive  passive 

antenna  elements  which  absorb  and  scatter  part  of  the  traveling  wave.  The  reference  ele¬ 
ment  (0,0)  can  be  thought  of  as  a  "probe"  which  loosely  couples  and  samples  the  surface 
fields  generated  when  the  column  of  the  array  is  driven.  Changing  |  m  |  effectively 
moves  the  "probe"  across  the  array  face  in  discrete  increments  equal  to  the  intercolumn 
spacing  dg.  This  is  the  physical  explanation  of  the  column  coupling  coefficients  defined  in 
equation  (1-8). 

The  phase  of  the  column  coupling  coefficient  *  is  a  symmetric  function  of  the 
column  index  |  m  | .  This  functional  dependence  could  be  expressed  in  a  power  series 

*  «  a  ♦  b|m|  %•*  c|m|^  +  •••  (1-9) 

m 


The  coefficients  a,  b,  c,  •  •  •  are  constants  in  any  given  array.  From  Figures  1-3  and 
1-4  and  from  the  heuristic  argument  above,  we  see  that  a  and  b  are  ths  dominant  terms 
in  the  series.  The  remaining  terms  are  negligible  for  coupling  vir.  a  wave  traveling  across 
the  array  face  at  a  uniform  velocity. 

Define  as  the  mean  slope  of  the  coupling  phase  vs.  |m|.  An  effective  wave 
number "K  ",  wavelength  "X  "  and  phase  velocity  "v  "  can  be  defined  in  terms  of  this  mean 

8  S  S 

phase  delay  per  column  If  computed  or  measured  at  the  discrete  antenna  terminals. 


* 


■v* 


0-10) 


Inserting  equations  (1-8),  (1-9),  and  (1-10)  int  >  (1-7)  yields  the  following  expression  for  the 
scanning  mismatch: 


r- 


-Jm(*x  -¥) 


(1-11) 


Equation  (1-11)  has  the  following  physical  meaning:  the  active  reflection  coefficient  at  the 
reference  element  (0, 0)  is  the  sum  of  its  own  mismatch  plus  coupling  from  elements  in 
its  own  column  [1st  term  in  (1-11)]  plus  coupling  from  all  columns  to  its  left  and  right 
[last  two  series  in  (1-11)].  Each  coupling  amplitude  (AQ,  Am,  and  A'm)  is  very  small 
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HMH 


(weaker  than  -20  db  in  moat  cases).  Large  mismatches  occur  when  many  coupling  contri¬ 
bution  add  in-phase.  This  happens  when 


*  =±*+2irq 

*  ( 

wher*  q  la  any  integer,  *x  1,  thu  array  .leering  ph.ee  incremer*  per  column  given  in 
equntlon  (1-8),  and  ?  is  the  meu  coupling  phue  delay  per  column  (equation  (1-10)) 
Equation  (1-12)  give,  a,  infinite  aet  of  critical  .can  direction..  Typically,  only  ,  =  *1 
correspond  to  critical  .can  angle,  in  real  .pace  (lain  0  |<  1).  The.e  critical  .can 


directions  are  determined  by: 

laln  9»d  ■  <r>-  <5% 


(1-13) 


For  scan  angle,  at  or  near  0>c,  the  conaecutlve  ateering  phaae  advance.  Juat  match  the 
mutual  coupling  delay.,  and  many  coupling  contributions  add  in-phase  to  produce  a  Urge 
mumatch.  For  a  given  army  (d/g  1.  known  and  (vjcj  can  be  obUined  either  analy- 
tlcally  or  vU  meaeurement..  Equation  (1-13)  .how.  that,  for  any  given  radio  frequency 
and  array  design,  the  critical  scan  angle  U  the  arc  sine  of  the  difference  between  the 
inverse  electrical  spacing  and  the  inverse  coupling  velocity. 

The  critical  scan  angle  (producing  Urge  mismatch)  will  now  be  compared  to  the 
scan  angle  0ggL  causing  an  end-fire  grating  lobe 


Xo  , 


(1-14) 


Comparing  equation.  (1-13,  and  (1-11),  w,  find  that  the  critical  .can  angle  0  i,  .m.n,r 
ttan  the  .can  angle  0,gL  causing  an  end-fire  grating  lobe,  when  v  <  C,  a.  U  the  ca.e 
when  mutual  coupling  is  via  a  slow  wave.  8  ° 

Measurements  in  arrays  of  linearly  polarized  coarial  horns,  circuUrly  poUrized 
cturdal  horns,  and  linearly  polarized  recUnguUr  horns  all  .how  coupling  at  velodtle. 
substantially  less  than  the  velocity  of  light. 

^  This  fact  1.  very  important  In  phased  array  de.lgn,  Typlcl  army  de.ign  procedure 
select,  the  interelement  .pacing  so  a.  to  place  the  grating  lobe  at  the  edge  of  real  .pace 
for  maximum  radar  scan  angle..  This  can  result  in  serious  radar  degradations  (Urge 
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impedance  mismatch,  large  radiation  loss,  and  polarisation  distortion)  at  leaser  scan 
angles  within  the  deslin  coverage  objective*  of  the  array.  These  degradations  are  a  con- 
NfWsM  at  fibs  in-phase  accumulation  at  many  small  coupling  contributions,  and  hence 
could  go  undetected  In  die  analysis  or  measurement  of  antenna  element  performance  in 
small  array  samples. 

1.4  ZENNECK  SURFACE  WAVE 

Array  antenna  elements  of  several  types  appear  to  couple  via  surface  wave  pro¬ 
pagation  across  the  array  face.  The  resultant  column  coupling  coefficients  (equation  (1-8)) 

2  /• 

hare  heuristic  and  measured  properties  similar  to  the  classic  Zenneck  surface  wave.  ’ 
Surface  wave  theory  has  been  effective  in  interpreting  the  coupling  measurements  and  in 
analysing  the  effect  of  dielectric  sheets  and  hemispheric  ra domes  on  scan  performance 
of  these  arrays.  Antenna  elements  known  to  support  slow  wave  propagation  include  the 
TEjj  mode  coaxial  horn  of  the  shape  shown  in  Figure  1-5,  and  the  TE^  mode  rectangular 
waveguide  radiating  end-on?  * 

This  section  contains  a  brief  description  of  the  classic  Zenneck  surface  wave 
followed  by  its  application  to  several  important  problems  in  phased  array  radar. 

The  lowest  order  surface  wave  mode  propagating  over  a  metal  ground  plane  is 
TMq.  Array  antenna  elements  can  be  thought  of  as  perturbations  in  such  a  ground  plane. 
These  perturbations  influence  the  surface  wave  velocity  and  extract  power  from  the  surface 
wave  through  mutual  coupling  and  scattering.  (Interelement  spacing  is  such  as  to  provide 
coherent  back  radiation  at  an  angle  equal  to  the  critical  scan  direction  and  with  a  scattering 
phase  which  would  reduce  the  direct  element  radiation  in  this  direction. )  Thus,  the  planar 
array  can  be  thought  of  as  a  periodically  loaded  slow  wave  structure  whose  surface  wave 
velocity  determines  the  radar  scan  coverage  (equation  1-13). 

The  macroscopic  properties  of  surface  waves  can  be  analyzed  independently  of  the 

detail  surface  structure  producing  the  wave  retardation  (1.  e. ,  a  dielectric  sheet  and  a 

trough  surface  can  be  designed  to  have  the  same  surface  wave  properties,  at  large  distances 

from  the  surface  irregularities).  Consequently,  it  is  desirable  to  know  these  surface  wave 

2 

properties  independently  of  the  launching  and  propagating  structures.  Barrow  and  Cullen 

have  derived  relationships  between  the  tangential  propagation  constant  'Y'f  the  orthogonal 

propagation  constant  "  if’,  and  the  surface  impedance  "Z  ".  Knowledge  at  any  one  of 

0 
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Figure  1-5.  Antenna  Element  Cross  Section 


* » 


complex  number*  completely  determines  the  other  two  end  defines  the  surface 
wave;  the  itdattonshipe  are 


ZS"we  M  and«l2+y*  +  K2  «  0  (1-15) 

where 

Zs  *  tangential  surface  Impedance 
y  *>  tangential  propagation  constant 
u*  orthogonal  propagation  constant 

K  m  So.  •  u>  /n  e  1  «  free  cpace  wave  number 
°  (cQ)  v  o 

The  surface  wave,  remote  from  the  irregularities,  has  the  form  of  a  complex  plane  wave 

AeJwt-ti  z-yx.  (1-16) 

Ths  Z-axis  is  chosen  normal  to  the  interfa  'e  (array  outward  normal).  The  X-axis  is  chosen 
along  the  direction  of  surface  wave  propagation.  Phase  and  amplitude  of  the  surface  wave 
are  independent  of  Y  as  they  would  be  if  the  discrete  elements  in  any  column  of  Figaro  1-2 
were  approximated  by  a  continuous  line  source. 

In  general,  Za#  u,  and  y  are  complex  numbers.  For  surfaces  having  very  low 
coupling  and  scattering  losses,  the  surface  impedance  Z  is  mainly  reactive,  u  is  mainly 

D 

real  and  y  is  mainly  Imaginary.  Thus,  a  slow  wave  propagates  in  the  X  direction;  constant 
phase  fronts  are  coincident  with  constant  values  of  X.  Antenna  coupling  and  re-radiation 
losses  cause  attenuation  in  the  X  direction  of  propagation,  and  y  becomes  complex. 

1.  5  COLUMN  COUPLING  COEFFICIENTS 

Next  the  measured  prooerties  of  the  column  coupling  coefficients  will  be  compared 
to  the  characteristics  of  the  Zenneck  surface  wave. 

Experimentally  determined  column  coupling  coefficients  in  two  different  arrays  are 
shown  in  four  Figures:  1-8,  1-4,  1-6,  and  1-7.  The  phase  plots  (Figures  1-3  and  1-4) 
are  linear,  suggesting  uniform  velocity  slow  waves  as  per  equation  (1-16).  Equation  (1-16) 
also  suggests  an  exponential  amplitude  decay  with  distance,  |xj  -  | m | d^.  Measured 
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amplitude  of  the  column  coupling  (Figures  1-6  and  1-7)  also  seems  to  fit  surface  wave 
theory  for  |m|  >  1.  (When  m  ■  0  or  ±1,  the  driven  column  and  reference  element  are 
separated  by  less  than  \Q.  Near  field  effects  and  array  discreteness  would  be  expected  to 
ciuse  departures  from  the  Zenneck  surface  wave  theory  for  |m|  <  1. ) 

Array  column  couplings  have  the  same  X  dependence  as  the  Zenneck  surface  wave. 
In  the  Y  direction,  the  array  and  its  excitations  repeat  at  increments  equal  to  the  array 
spacing.  Consequently,  the  distant  column  coupling  coefficients  will  have  no  Y  dependence, 
also  matching  equation  (1-16).  Thus,  the  measured  coupling  data  fits  well  the  Zenneck 
surface  wavs  theory  at  the  discrete  antenna  terminals. 

The  performance  of  an  element  in  a  large  phased  array  resembles  that  of  surface 

3 

wave  antennas  containing  a  driven  element,  a  slow  wave  structure,  and  a  collection  of 
radiators.  A  surface  wave  on  an  array  excites  passive  neighbors  which  radiate  in-phase 
in  the  direction  9  =  0  as  given  in  equation  (1-13).  The  phase  of  the  parasitic  radiation 
can  be  opposite  to  that  radiated  directly  by  the  element,  resulting  in  deep  holes  in  the 
element  radiation  pattern  at  the  critical  angle  9  (e.  g. ,  see  Figure  5-1). 

SC 


1.6  ACTIVE  MISMATCH  ESTIMATE 


The  scan  mismatch  of  a  phased  array  can  be  obtained  in  closed  form  for  certain 

types  of  coupling.  In  particular,  column  coupling  coefficients  A  »  A  e“a  * m*  .It  the 

{_  a .  m  o 

0  1  and  sampled  at  the  discrete 

array  columns.  The  resultant  active  mismatch”'  is 


(1-17) 


m  and  m'  are  summation  indices  representing  elements  to  the  left  and  right  of  the  reference 

element  (0, 0),  whose  active  mismatch  is  r(0  ).  M  and  M'  are  the  number  of  columns  in 

>  8 


We  have  assumed  that  array  columns  are  driven  in  phase  and  that  the  surface  wave  phase 
fronts  are  parallel  to  array  columns.  Thus  equations  (1-17)  and(l-18)  apply  to  beam  scan¬ 
ning  in  a  principal  plane  of  a  rectangular  array  grid  or  in  an  intercardinal  plane  of  a 
hexagonal  array.  These  scan  planes  are  the  worst  cases  (least  scan  coverage  to  08C). 
The  mismatch  Tis  a  gradual  function  of  the  plane  of  scan  4s  so  that  equation  (1-18)  is 
valid  in  and  near  the  worst  scan  planes,  4s  *  ±60* ,  ±120° ,  and  180°  for  the  hexagonal 

array  and  4S  =  0,  ±90° ,  and  18(F  for  the  rectangular  array. 
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the  array  on  either  side  of  the  selected  reference.  Equation  (1-17)  can  be  simplified  using 
the  following  definitions  and  series  identity: 


ci*<5so»>A;vit 

Q  ■  ar  +  1(v  -«T)»a  +  JKd  (sin  9  -  2U1 0  ) 
-  ,  *  Tx  ~  ox  »  sc 

O'  ■  a  -  Kfx  +  -  <*  “  JK0dx(sin  0g  +  sin  6gc) 


1 


«  ,  .  -MQ 

e^-l 


m«l 

Equation  (1-17)  reduces  to 


la  r  1-  e‘M<5  1  -  e-"9'  ‘ 


(1-18) 


Equation  (1-18)  is  an  explicit  expression  for  the  active  reflection  coefficient 
Tas  a  function  of  the  scan  angle  9g  and  the  coupling  properties  Aq!  Cj,  a,  9gc  and  a. 
These  quantities  are  all  knowable  from  coupling  measurements  and  from  array  scan 
instructions.  The  mismatch  generally  has  two  distinct  maxima  near  6g  =  ±6gc  defined  by 
equation  (1-13).  For  arrays  having  a  slow  decay  of  column  coupling  (o«  1),  the 
magnitude  of  maximum  mismatch  is 

1 

lr(±9»c>l  a  Iw  5>l 

Experiments  show  (Figures  4-8  and  5-1)  that  this  critical  mismatch  can  approach  unity 
(resulting  in  full  reflection  and  no  radiation)  when  the  array  is  steered  toward  these 
critical  scan  directions  ±  Bgc.  Minima  are  located  at  ijf/.  The  width  of  a  minima 
is  obtained  by  equating  real  and  Imaginary  parts  of  Q  or  O':  |^x  -  ^  |  *  a.  The  width 
across  a  radiation  minimum  (or  mismatch  spike)  is 

a|>in  9,h-“taSsc|-  (f  >(7^-) 

In  Section  II  it  will  be  seen  that  the  array  scanning  mismatch  determines  the 
element  power  pattern,  the  antenna  gain,  and  (in  the  case  of  a  radar  array)  the  target 
illumination  and  echo  Intensity  vs.  scan.  Equations  (1-18)  and  (1-13)  give  the  array  scan 


.,  .. _ „  Thla  latter  direction  corresponds  to  a  hole  In 

mismatch  and  critical  scan  direction  8  •  This  latte 

the  elem  mt  power  pattern  and  poor  transmission  and  reception  In  the  phase*  array  rada 
A  sample  antenna  element  pattern  Is  shown  In  Figure  5-1. 

1. 7  THEORY  OF  SURFACE  WAVES  ON  A  DIELECTRIC  SLAB  AND  ITS  ARRAY 
APPLICATION 

Next  consider  a  specific  slow  wave  structure  consisting  of  a  dteleetrlc^slab 
thickness  "f  over  a  perfectly  conducting  ground  plane.  (Exact  analysis  of  this  stop 
surface  wave  geometry  will  mve  effective  In  explaining  the  effects  of  complex  radomes 


1 


T 


o 

4> 

i 

i 

i 

z 

e 

or  ■  so  1 

dielectr:  cT ^ L ~ ~  ~  -  -  -  -  —  *  * 

equations,  fitting  the  dielectric  boundary  conditions.  Each  tastheformofaton^^ 
plane  wave  (equation  1-16)  In  the  space  outside  the  dielectric  (z  >t).  7 

Tie  is  above  cutoff  for  all  frequencies,  all  dielectric  constant. 
dielectric  thickness  "f  above  a  metal  slab.  C.  Walter  give,  the  complete  field  ex- 
prestt.  Insertion  of  these  Into  the  wave  equations  yield,  a  set  o,  three  stoultaneou. 
transcendental  equations,  which  can  be  reduced  to  the  following  Implicit  expression 
the  tangential  propagation  constant :  Y 


tan 


2 


!{‘A 


e  +  y  --s- 


nk\ 

2  J 


-e2(y2  +  k2) 

7?T7~ 


(1-18) 


where 

n  =  modal  Index  In  TMR  surface  mode 

y  =  a  +  =  tangential  propagation  constant  of  the  surface  wave 

v  =  Jw/lmy  =  u>/0  «  surface  wave  velocity 
R  =  (Co/v8)2  =  inverse  square  of  the  surface  wave  velocity. 
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(or  .wo  r:rtton  °'  “•  *“‘en,ui  *urface  pr°wt,°“  —* » •.  m.* 

11  Jto  ££*£*  “  COn,Pletely  *"•*  US  »nd  l-i»>  once 

21  conBtMDt  y  and  Hw  ratated  surface  wave  velocity  v  can 

ST.  'S.’ESZSg; ZZZSSSfc  8ur&“ w>ve  ****** 

t  ^*,bC  6ValU*ted  for  4,16  tlai’  lossless»  dielectric  sheet  in  the  lowest  (TM  )  mode 
Inserting  into  equation  1-18  the  following  two  expressions:  ° 

2 


yields 


n. dandy*. -**. _(i>  )*  ,.k*  (J?)  ,.k2  b 


'lAv-l  • 

TT 


(1-20) 


1rr:i:-2,0’,r: impiic,t  Bmement  ** th*  ■ur&ce  wave  ”***j<«**»i  u, * > 

In  terms  of  slab  dielectric  constant  e,  and  electrical  thlctaiess  tfy  .  V 

Figure  1  -8  Is  a  plot  of  the  surface  wave  velocity  <v  /c  )  as  a  function  of  dlelectrl, 
ooneun.  e,  and  slab  thickness  (t/y.  The  abscissa  Is  the  dielectric  thickness  t  divided 

v  divider"  ?VelCngth  *»•  0rd,"ite  “  «"  normalized  surface  wave  velocity 
v  divided  by  c0.  Each  curve  represent,  a  specified  dielectric  constant,  e  .  10  Is  typical 

ensecpte.  .  4  1.  typlca!  of  plastics,  e  -  ,  for  tenon,  ande=,2,or  somf 

“  foams.  It  can  be  seen  that  the  surface  wave  velocity  decrease,  monotonically 

th  increases  In  either  dielectric  constant  and/or  electrical  thickness.  Each  curve  has 
two  asymptotes.  These  are 


2  _  .  2 


for  thin,  light  dielectrics  ~  s  l  ..  2n\~)  ~  lj 


for  thick,  dense  slabs 


o 
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Physical  consideration*  require  that  equation  (1-20)  be  real  for  all  t  >0,  for  all  k  >0. 

"  o  ' 

and  for  all  e  2 1.  This  leadn  to  the  following  bounds  on  the  surface  wave  velocity: 


1  <  1 


(1-21) 


The  lower  bound  Indicates  that  the  surface  wave  velocity  Is  always  greater  than  the 
velocity  of  a  plane  wave  In  the  infinite  dielectric.  T*  Is  approached  for  very  thick  dielectric 
slabs.  The  upper  bound  requires  that  the  surface  wave  always  travel  slower  than  light 
In  free  space;  this  Is  approached  for  a  very  thin  sheet  of  low  dielectric  constant. 

An  Important  application  of  surface  wave  theory  is  the  determining  of  scan 
limitations  of  phased  arrays.  Two  phased  arrays  were  analyzed.  In  both  cases  array 
theory  was  corroborated  by  the  continuous  surface  wave  analysis.  The  second  application 
Included  experimental  verification. 


The  first  application  was  an  Infinite,  planar  array  of  slot  antennas  covered  by  a 
dielectric  sheet.  The  active  array  admittance  determined  (Appendix  A)  by  Fourier 
transform  techniques  had  poles  (Y  act  <•*)  at  certain  critical  scan  angles.  The  cor¬ 
responding  surface  wave  velocity  on  the  array  was  computed.  This  value  of  velocity  was 
compared  with  the  surface  wave  velocity  on  a  smooth,  dielectric  clad  metal  sheet  using 
equa+'on  (1-20).  The  equations  forthetwo  surfacewave  velocities  (for  the  array  andforthe 
smooth  dielectric  sheet  on  a  continuous  conductor^  agreed  perfectly,  Indicating  that  the 
surface  wave  retardation  caused  by  a  dielectric  cover  over  a  slot  array  can  be  computed 
from  the  theory  of  surface  waves  over  a  continuous  surface. 

A  second  application  of  surface  wave  theory  Is  the  estimating  of  the  surface  wave 
retardation  caused  by  hemispheric  radomes  over  an  array  of  coaxial  horns.  The  coaxial 
horn  array  (MAR  I  type)  Is  described  in  Section  m.  The  radomes  are  thin  dielectric 
hemispheres  of  dielectric  constant  e  »  8,  electrical  thickness  T/x  ■  0. 010,  and 
rado me  height  h/x  «  0. 345. 

O1 
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,  “  real  array  geometry  (sketched  at  left)  la  too  complex  tor  exact  aurface  wave 
aolu  .on  An  electrostatic  analog  (suggeeted  by  R.  Cordon,  Sylvanla  Electric)  of  the 
hemlepheric  radome  constat.  of  a  uniform  flat  dielectric  .lab  haying  me  true  radome 
lg  -  and  an  effective  dielectric  constant  given  by  the  formula 


eV ■  +  e  V 
d  oo 


1.36 


where 

Vd  =  volume  of  the  hemispheric  dielectric  radome/unit  area  of  array 

Vo  =  volume  of  air/unit  area  and  to  a  height  "h"  above  the  ground. 

This  analog  has  an  electrostatic  canacitanr?  rv»r  unit 

.  ,  .  capacitance  per  unit  area  approximating  that  of  the  real 

Xn.‘rr^'°r  “  tlC“a  P€rPe"dlCUlir  40  “•  in  me  uutg 

oem^  .  .  “he"  '°r  ^  ™o  m0de  on  the  "»*•  (Electric  fields 

pe^icumr  to  .  mm  radome  T  -  ».  01, hare  negligible  influence  on  surfuce  wave 

In  this  example,  me  flat  sheet  analog  ha.  5  .  and  h/x  .  0.  >45.  It  supports 
only  one  propping  mode  (tiy  .im  a  velocity  7. 5  per  cent  lessVn  me  velocity  of 

the  h  ”’eiinldta“0n  nU““  01  the  real  arr*I  «re  measured  before  and  after  removal  of 
hemispheric  radome..  The  null  shift  correspond,  to  a  7  per  cent  Increase  In  surface 
»ave  velocity,  which  agrees  well  with  me  7. 5  per  cent  velocity  change  maculated  from 
the  crude  surface  wave  analog.  (Array  sou.  coverage  Increased  10-  or  more  In  all 
directions  after  removing  the  radomes  and  rematching  the  array. ) 


S68  12 


1-22 


"  ft 


/ 

SECTION  n 

SCAN  RELATIONSHIPS  IN  PLANAR  PHASED  ARRAYS 
2.1  INTRODUCTION 

Radiation  performance  of  a  planar  array  is  a  function  of  scan  angle  and  usually 
deteriorates  sharply  as  the  scan  angle  #g  approaches  906 .  The  exact  character  of  this 
scan  degradation  depends  on  the  design  of  the  antenna  element  and  on  array  geometry. 

However,  for  any  given  array  design  there  exist  certain  fixed  relationships  between  the 
scan  variables,  specifically: 

1)  radiation  power  density  in  a  selected  direction, 

2)  element  radiation  pattern  in  the  array, 

3)  array  efficiency, 

4)  active  impedance  mismatch,  and 

5)  solid  angle  spanned  by  the  radiation  beam. 

This  section  will  derive  equations  relating  these  phased  array  scan  variables. 

The  derivation  is  based  on  equating  the  power  delivered  by  the  feed  lines  to  the 
power  radiated  by  the  array.  It  is  complicated  by  the  fact  that  different  elements  in  the 
array  can  have  differing  radiation  and  impedance  characteristics  because  of  antenna, 
element  nonuniformity,  space  taper,  or  edge  effects.  Effects  of  these  array 
inhomogeneities  are  included  in  the  subsequent  analysis. 


A  Urge,  planar  phased  array  together  with  its  coordinate  system  was  shown  in 
Figure  1-1.  Electrical  phase  delays  (for  beam  steermg)  were  given  in  equations  (1-2)  and 
(1-3).  The  following  additional  symbols  will  now  be  defined: 

0,0=  spherical  radiation  angles 

(®s»  dg)  *  array  steering  direction 

Vm  =  incident  transmission  line  voltage  driving  the  m*1  antenna  element 
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Eir  ^^  =  electric  radiated  by  the  m**1  element  per  unit  incident  line  voltage* 
with  the  rest  of  the  array  elements  terminated  in  Z 

i  o 

Ejs  f^ld  radiated  by  the  fully  excited  array. 


^  =  total  power  available  from  the  full  active  array 
P(^80B)  =  power  radiated  by  the  fully  excited  array 

=  array  efficiency  =  JB°.wer  radiated  by  the  array 
a  8  8  power  consumed  by  the  array 

rm^s^s^“  active  reflection  coefficient  at  m  element,  with  array  fully  excited 


ZQ  =  characteristic  impedance  of  the  transmission  lines 
N0  =  characteristic  ^lpedance  of  free  space  =  377  ohms 


2.2  POWER  CONSERVATION 

The  total  power  available  from  a  phased  array  is  independent  of  scan 

y  IV  I2 
Pa  SL  I  ml  . 

m  2Z 


The  total  power  delivered  depends  on  array  scan  direction,  efficiency,  and  active  mismatch 


p(Ve>  *  \<w  S  {i  - 1  rm(eB48)  I2  } 
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where  a  mean  array  reflection  coefficient  is  here  defined  as 
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If  the  active  reflection  coefficient  is  the  same  throughout  the  array  then  that  is  also  the 

value  of  the  mean  reflection  coefficient.  Otherwise,  it  is  the  weighted  average  given  in 
equation  (2-3). 
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The  net  radiated  field  intensity  is*  the  linear  superponitics.  af  contributions  from 
etch  antenna  element  in  the  array.  The  resulting  summation  is  a  function  of  the  angular 
location  of  the  observer  (00)  and  of  the  direction  of  array  electrical  scan  (0  <6  ) .  The 
electric  field  radiated  in  the  direction  of  scan  (0  =  0g  and  0  =  <!>8)  is: 


E=UJ‘  l  VmEn,<V.>-E<V.>21Vml 

v  9*  in  m 


(2-4) 


where  the  mean  element  pattern  has  been  defined  as 


E(0a0g)  “ 


V  E  (0  6  ) 
m  m  m's^V 


(2-5) 


If  the  element  pattern  is  homogeneous  throughout  the  array  5  then  the  mean  and  homo¬ 
geneous  element  patterns  are  the  same.  Otherwise  the  Wean  pattern  is  a  weighted  average 
given  in  equation  (2-5).  For  radiation  in  the  direction  of  scan  (0=0  ,  0  =  0  ),  the 
radiation  retardation  and  the  steering  phase  advance  r//m  are  exact  compliments  for  every 
element  in  the  array.  These  canceling  phases  are  hence  deleted  from  the  drives 


and  the  element  responses  E(00)  and  E(0  ri  )  in  equations  (2-4)  and  (2-5). 

ill  8  8  So 


Equation  (2-4)  shows  that,  in  any  scan  direction,  a  phased  array  radiates  a  field 


intensity  proportional  to  the  mean  element  pattern.  (The  factor  r  2 1 V  h  is 
for  all  scan  directions. )  1  m  J 


a  constant 


Total  far  field  power  radiated  by  a  phased  array  is  the  integral  of  the  power  density 
over  any  sphere  in  the  far  field.  The  observer  coordinates  (0,0)  are  now  treated  as 


integration  variables,  and  steering  angles  (0  0  )  are  held  constant  during  integration. 

S  S 


p(VE>-J7 


//  |Ej.(ees**s)|2dn 


(2-6) 


Next  an  effective  solid  angle  surrounding  each  major  radiation  lobe  in  real 
space  is  defined 
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trZTlZTZ  (2;,6)  >nd  <2‘7)  yleld£  a"  ,0r  -  ***  —  bv  the 

ray  term*  „/  the  effective  solid  angle  surrounding  each  major  beam 


P«W— 1 % 


s  |E<e  0  )|% 

ML  11  1 


(2-8) 


where  ^  implies  summation  over  the  main  lobe  and  the  gating  lobes. 


yields 


Equating  the  net  radiated  power  (2-8)  with  the 


net  power  delivered  by  the  array  (2-2) 


&  ,E‘>w,Sn‘ '  t?  X{f|^ j? } ■  I1  -  l?(w  I2} 


The  factor  in  square  brackets  is  a  bonstant  r  * 

illumination  taper.  The  scan  dependence  is  2  a"y  torget  ^ 


m)si (WI*'ffi  *  C,VW  {>  - 1  **(•.♦,)  |*)  . 

r*T  J 


(2-9) 


"  'he  PhaMd  array  ratUatee  major  lobe  h,  real  space  then  the  left  hand 

ummation  reduces  to  a  single  term  describing  that  steered  lobe 


c2VVs,{1  -  IFc.*.)/1}  • 


(2-10) 


2.  3  ARRAY  SCANNING  VARIATIONS 

and  ,  C°miare  ^  aay  -  — V  steering  directions  V, 

2  2 
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Equation  (2-11)  shows  that  the  target  illumination  and  mean  element  radiation  power 
pattern  are  each  proportional  to  the  array  efficiency  (dissipative  and  reflective)  and  in¬ 
versely  proportional  to  the  effective  radiation  solid  angle  O  . 

The  effective  radiation  solid  fi  can  be  computed  from  the  integral  of  the  array 

radiation  pattern  via  definition  (2-7).  This  spherical  integral  contains  contributions  from 

21 

the  area  of  the  main  lobe  plus  contributions  from  the  surrounding  sidelobes.  R.  S.  Elliott 
provided  equations  for  estimating  the  main  lobe  bean  width  and  its  solid  angle.  However, 
thinned  arrays  or  arrays  of  Tchebyscheff  design  can  radiate  substantial  power  into  side- 
lobes  and  this  contribution  must  be  considered  in  (2-7).  Sidelobes  of  the  Tchebyscheff  form 
add  an  effective  radiation  solid  angle  which  is  approximately  1/4  of  their  normalized  peak 
power  times  the  spherical  angle  occupied  by  these  sidelobes. 

If  the  w.de  angle  sidelobe  power  is  negligible,  and  if  the  array  is  not  steered  close 
to  end  fire,  then  equation  (2-11)  yields  the  following  radar  scan  equation: 


5(0^)  lEfejfjjj2  l-ln^j)!2  cos  0j 

P(0202)  |!(e202)|2  T?a(6202)  X  1  -  l?’(0202)|2  X  CO®  9 2 

Beam  field  intensity  and  element  power  pattern  are  each  proportional  to  the 
dissipative  and  reflective  efficiency  of  the  array  times  the  cosine  of  the  scan  ang:e.  Con¬ 
stant  array  efficiency  and  match  imply  a  cosine  element  power  pattern,  as  was  pointed  out 
in  Reference  6. 

The  intensity  of  radiation  from  a  phased  array  decreases  with  increasing  scan  angle 
according  to  equation  (2-12).  The  cosine  9  factor  is  weakest  for  scanning  near  "end-fire". 
A  planar  array  having  a  1°  circular  beam  at  broadside  will  have  a  1°  X  11°  oval  beam  near 
"end-fire",  which  in  a  radar  will  contribute  a  two-way  echo  degradation  except'.  <g  20  db. 

rj  g  jp  ^ . 

Further  substantial  losses  can  accrue  from  impedance  mismatch,  ’  ’  ’  usually 

worst  when  a  major  lobe  approaches  "end-fire". 

In  summary,  equations  have  been  derived  relating  several  critical  phased  array 
performance  figures:  target  illumination,  antenna  element  pattern,  array  efficiency,  im¬ 
pedance  mismatch,  and  effective  radiation  solid  angle.  Each  depends  on  the  electrical 
scanning  of  the  array  (9  0  ).  Element  radiation  pattern  in  a  passive  array  and  active  mis- 
match  in  a  phase  steered  array  are  seen  to  be  equivalent  representations  of  array  scanning 
performance.  Results  apply  to  any  large,  planar,  phased  array.  Included  is  an  upper 
bound  on  wide  angle  performance  of  planar,  phased  array  systems  when  perfectly  matched 
and  lossless. 


2-5 


SECTION  m 

ARRAY  MEASUREMENT  PROCEDURE 


3.  1  ANTENNA -ARRAY  GEOMETRY 

To  check  the  theory  discussed  in  the  preceeding  sections  several  arrays  were 
assembled  and  subjected  to  extensive  electrical  measurements.  These  antenna  elements 
their  modification,  and  the  tests  carried  out  will  be  described  in  the  following  sections. 

Figure  1-8  shows  the  basic  antenna  element.  This  antenna  and  various  modifications 
of  It  was  used  In  all  the  tests.  It  Is  a  coaxial  horn  consisting  of  a  pair  of  concentric 
cylinders  propagating  the  TE,,  mode,  as  sketched  In  the  top  view  of  the  antenna.  This 
mode  is  launched  by  a  radial  probe  a  quarter  wavelength  fram  the  bottom  of  the  coaxial 
cavity.  It  travels  up  through  a  dielectric  quarter-wave-plate,  radiating  circular  polariza¬ 
tion  The  reverse  sense  circular  polarization  couples  to  an  orthogonal  probe  and  resistive 

load  inside  each  antenna  element.  Linear  polarization  is  obtained  by  removing  the  quarter- 
wave-plates. 

These  coaxial  horn  antennas  were  assembled  in  several  different  planar  arrays 
each  having  a  uniform,  hexagonal,  Interelement  geometry  and  a  rectangular  periphery.  ’ 
Figure  3-1  Is  a  photograph  of  an  array  containing  48  complete  antenna  elements  plus  17 
"dummies  '.  The  dummies  were  Internally  matched  (both  ports);  they  lacked  external 
co-sections  but  were  otherwise  complete  antennas.  The  dummies  (from  another  applica¬ 
tion)  were  located  around  the  edge  of  the  arrays  to  increase  Its  effective  size. 

Each  antenna  element  was  inspected  physically  and  electrically  prior  to  use  In  the 
array.  Electrical  Inspection  Included  measurement  of  the  passive  Impedance  match  S 
and  the  radiation  pattern  (amplitude  and  phase)  of  each  antenna  element. 

The  .  hA  IT'1'"8  gr0Und  Pta"e  eXt'nded  S6Veral  ‘"CheS  beyond  the  four  sides. 

The  ends  of  the  ground  plane  were  rolled  back  to  reduce  the  effects  of  edge  current  dis¬ 
continuities  on  radiation  pattern  and  active  impedance.  The  entire  array  was  supported  on 
a  turntable  for  measurement  of  radiation  patterns. 

A  variety  of  antenna  and  array  shapeswereconstructedand  measured  to  determine 

e  effects  of  various  array  design  variables  on  array  scan  performance.  These  variables 
included 

1)  polarization  (circular  and  linear) 

2)  radomes  (on  and  off) 


\ 
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3)  grooves  in  ground  plane  between  elements  (present  or  absent) 

4)  scan  plane  (two,  in  the  x-z  and  the  y-z  planes) 

5)  driving  impedance  (five) 


When  any  cnange  was  made  all  elements  were  changed  identically  to  preserve  array 
uniformity.  After  each  array  modification,  radiation  patterns  of  the  central  element  were 
measured  at  several  different  microwave  frequencies  spaced  uniformly  over  a  15%  band. 

All  electrical  tests  were  in  the  microwave  "L"  band,  where  the  free  space  wavelength  is 
several  inches. 

3.2  RADIATION  PATTERN  MEASUREMENT  PROCEDURE 

All  element  radiation  patterns  were  measured  on  a  forty-foot  outdoor  antenna  range 
(Figure  3-2).  A  signal  source  and  dipole  feed  illuminated  a  four  foot  paraboloidal  trans¬ 
mitter  antenna.  The  electrical  center  of  this  transmitter  beam  was  pointed  at  the  central 
element  {“  ‘  0 }  in  the  receiver  array  under  test.  Illumination  was  nearly  uniform  in 
amplitude  and  phase  across  the  array.  The  array  was  mounted  on  an  azimuth  turntable 

(Figure  3-1)  with  the  aperture  of  the  central  element  directly  over  the  turntable  axis  of 
rotation. 

The  feed  dipole  at  the  transmitter  dish  could  be  rotated  to  provide  a  rapid  measure 
of  the  polarization  ellipse  of  the  array  under  test.  Stepping  the  dipole  orientation  provided 
any  linear  polarization  at  the  transmitter  facility  without  tilting  the  transmitted  beam. 

When  the  transmitter  dipole  feed  is  horizontal,  its  radiated  electric  field  is  also  horizontal 
linear  and  in  the  plane  of  scan  of  the  array.  When  the  transmitter  dipole  is  vertical  the 
radiated  electric  field  is  vertical,  and  orthogonal  to  the  plane  of  scan. 

A  hexagonal  array  (e.  g. ,  Figure  4-1)  is  a  periodic  structure.  Its  periodicity  can 
be  used  to  reduce  or  to  check  electrical  measurements.  Physical  congruence  occurs  for 
every  rotation  about  the  normal,  A0  =  00° .  Radiation  pattern  cuts  were  taken  in  the  inter¬ 
cardinal  (0  =  0  and  180° )  and  cardinal  (0  =  90°  and  270’ )  planes.  Radiation  cuts  are  in  the 
intercardinal  plane  when  the  array  is  mounted  as  shown  in  Figure  3-1.  Standing  the  array 
on  end  (Figure  3-3)  permits  radiation  measurements  in  the  cardinal  plane.  Most  radiation 
patterns  were  measured  in  an  intercardinal  plane,  where  the  large  effective  spacing  between 
elements  limits  array  scan  coverage. 
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The  element  radiation  pattern  is  obtained  by  uniformly  illuminating  the  array  (by 
an  incident  plane  wave)  and  measuring  the  microwave  signal  received  by  the  central  (0, 0) 
antenna  as  a  function  of  turntable  rotation.  The  turntable  rotates  at  a  very  slow  uniform 
rate  and  the  received  power  is  recorded  (logarithmically)  as  a  function  of  turntable  posi¬ 
tion  (in  degrees).  Subsequent  radiation  plots  will  chow  these  two  variables  in  cartesian 
coordinates  for  various  array  geometries. 

By  reciprocity,  the  receive  pattern  of  the  central  element  is  identical  to  its  transmit 
pattern  in  the  same  array  environment.  Thus,  the  four  foot  paraboloid  and  its  rotatable 
dipole  feed  can  be  thought  of  as  measuring  the  linear  electric  field  components  radiated  by 
a  single  driven  transmitter  element  al  the  array  center. 

Only  the  radiation  patterns  of  tin  individually  connected  central  array  element  were 
measured.  Section  u  showed  that  the  mean  element  pattern  contains  complete  informa¬ 
tion  regarding  the  array  scan  capabilities,  including  the  transmitter  array  gain,  target 
illumination  intensity,  receiver  array  receptivity  (or  effective  height),  and  array  mismatch 
loss  vs.  scan.  Measurement  of  the  normalized  element  radiation  pattern  at  an  angle  6 

from  broadside  yields  the  normalized  active  array  radiation  (gain)  when  steered  to  this 
same  scan  angle  (0  =  0t). 

Scan  performance  of  a  phased  array  depends  on  the  character  of  the  beam  forming 
network  interconnecting  the  antenna  elements.  Frequently,  each  antenna  element  connects 
individually  to  an  amplifier  or  other  isolating  device,  having  unifonn  impedances  Zg.  This 
phased  array  radiation  performance  is  reproduced  in  the  radiation  pattern  of  the  central 
element  when  all  the  neighbors  are  terminated  in  the  same  Zg.  In  this  study,  Zg  =  50  n, 
except  where  stated  otherwise. 

3.  3  MUTUAL  COUPLING  MEASUREMENT  PROCEDURE 

In  a  phased  array  every  antenna  element  couples  to  every  other  element.  Each 
coupling  coefficient  is  a  complex  quantity  whose  amplitude  and  phase  depend  on  the  inter¬ 
element  separation  and  direction,  and  on  other  antenna  design  factors.  These  coupling 
coefficients  and  known  antenna  element  excitations  together  completely  determine  the 
antenna  active  impedance  (equation  1-1)  and  the  array  scan  capability. 

The  procedure  used  to  measure  the  coupling  coefficients  is  based  on  the  scattering 
matrix  representation.  The  coupling  coefficient  Smn  is  defined  as  the  complex  ratio  of 
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signal  received  at  the  (m,  n)th  element,  to  that  delivered  to  the  central  (0, 0)th  element. 

A  transmitter  was  connected  to  the  central  element  I  q  }  and  a11  nel8hb°rs  were 
terminated  in  50  fi  coaxial  resistors.  A  matched  receiver  was  then  connected  sequentially 
to  each  of  the  neighboring  antenna  ports;  the  amplitude  and  phase  of  the  signal  received  at 
each  port  was  recorded.  These  measurements  give  one  row  (or  column)  of  coupling  co¬ 
efficients  in  the  square,  symmetric,  non-unitary,  scattering  matrix.  They  are  sufficient 
to  define  the  active  impedance  (vs.  scan)  of  the  central  element  in  a  large  phased  array. 

In  a  smaller  array,  additional  coupling  measurements  are  useful  to  simulate  big 
array  performance.  The  simulation  is  based  on  the  invariance  of  the  coupling  coefficie  it 
under  simultaneous  equal  translation  of  both  transmitter  and  receiver.  This  invariance  is 
a  consequence  of  the  periodic  character  of  the  large,  uniformly  spaced  planar  array.  This 
invariance  was  verified  experimentally  (within  1  db  in  amplitude  and  0.  Ob  cycles  in  phase) 
in  our  test  array,  even  for  the  condition  in  which  one  antenna  is  only  one  row  or  column 
away  from  the  a  ’ray  edge.  Additional  coupling  measurements  were  made  with  the 
generator  connected  to  other  than  the  central  (0, 0)  antenna,  and  the  receiver  moved 
sequentially  to  selected  neighboring  antennas.  These  measurements  were  used  to  construct 
an  array  coupling  model  containing  up  to  78  effective  antenna  elements. 

Separate  measurements  were  made  of  the  amplitude  and  phase  of  each  coupling 
coefficient.  Coupling  amplitude  was  measured  with  a  calibrated  attenuator,  bolometer, 
and  a  HP -415b  amplifier-meter. 

The  phases  of  the  coupling  coefficients  were  measured  using  the  double  probe  phase 

meter  shown  in  the  block  diagram  (Figure  3-4).  A  stable  sine  wave  oscillator  feeds  two 

microwave  paths  thru  a  power  divider.  The  microwave  path  at  the  top  and  right  of 

Figure  3-4  contains  the  coupled  elements  in  the  antenna  array  to  be  measured.  The 

microwave  path  on  the  left  side  of  the  figure  is  the  reference  arm  containing  the  precision 

attenuator  and  phase  shifter.  The  two  microwave  paths  recombine  in  a  slotted  line. 

g 

Balance  is  indicated  by  the  switched  double  probe  method. 
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Figure  3-4.  Ring  Phase  Meter 
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MUTUAL  COUPLING  DATA 

The  previous  section  described  the  antenna-3 vray  geometry  and  the  electrical 
procedures  used  to  evaluate  its  performance.  Numerous  physical  changes  were  made  in 
the  array  and  extensive  radiation  patterns  were  measured  following  each  change.  These 
tests  were  aimed  at  determining  those  antenna-array  design  factors  affecting  array  scan 
performance.  In  addition,  two  sets  of  complex  coupling  coefficients  were  measured, 
one  set  for  the  linearly  polarized  array  and  one  set  for  the  circularly  polarized  array. 

The  object  of  these  coupling  tests  was  to  construct  a  mathematical  model  of  the  array 
coupling  mechanism  and  so  to  better  understand  the  radar  scan  limitations  growing  out 
of  mutual  coupling  accumulation. 

4. 1  MEASURED  COUPLING  BETWEEN  ELEMENTS 

Figures  4-1  and  4-2  are  maps  showing  the  mutual  coupling  coefficients  measured 
in  arrays  of  linearly  and  circularly  polarized  antenna  elements  respectively.  The  central 
antenna  element  (““  J)  was  driven  and  the  coupled  signal  was  measured  at  the  termi¬ 
nals  of  each  remaining  antenna.  Circles  in  Figures  4-1  and  4-2  locate  the  antenna  ele¬ 
ments.  Two  entries  appear  in  each  circle;  the  upper  entry  represents  the  measured 
coupling  intensity  in  db,  the  lower  entry  the  coupling  phase  delay  in  cycles.  The  coupled 
intensity  is  normalized  to  the  wave  incident  on  the  central  element.  Coupling  phase  delays 
are  all  relative  to  the  phase  of  coupling  between  antenna  pair  (*^°)  and  j). 

The  decimal  part  of  the  phase  was  measured  unambiguously.  The  integer  part  was 
estimated  based  on  a  radial  propagation  slightly  slowc  .  than  light.  Circularly  polarized 
elements  have  an  additional  phase  delay10  equal  to  twice  the  angular  coordinate  </>  between 
the  coupled  elements.  These  two  phase  delays  were  added  and  the  nearest  integer  was 
recorded  on  the  coupling  coefficient  maps. 

Coupling  between  antenna  pairs  has  a  phase  and  amplitude  each  dependent  on  their 
separation  distance  R  and  direction  6.  Figures  4-3  and  4-4  are  plots  of  coupling  intensity 
vs.  distance  for  linearly  and  circularly  polarized  arrays  respectively.  Chart  entries 
appear  at  the  discrete  positions  of  the  antenna  center  lines  in  the  array.  Lines  connect 
measured  coupling  between  the  central  element  and  others  along  the  principal  diagonals 
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Figure  4-1.  Array  Coupling  Coefficients  Between  Linearly  Polarized  Elen  ents 
(E  Horizonal) 


Figure  4-3.  Intensity  of  Coupling  Between  Linearly  Polarized  Antenna  Elements 
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Figure  4-4.  Intensity  of  Coupling  Between  Circmarly  Polarized  Antenna  Elements 


of  the  array  (4  ■  ±3(P  and  ±150“ ).  Isolated  points  represent  coupling  to  elements  off  the 
principal  diagonals.  Coupling  intensities  in  Figures  4-3  and  4-4  differ  both  in  initial  value 
and  In  decay  rate.  Linearly  polarized  coupling  is  generally  more  Intense  than  circularly 
polarized  coupling.  Very  little  power  is  delivered  to  the  orthogonal  ports  in  a  linearly 
polarised  array,  whereas  in  the  circularly  polarized  array  appreciable  power  is  coupled 
into  the  reverse  screw  sense  port.  This  orthogonal  component  of  the  mutual  coupling  is 
dissipated  within  the  antenna  elements.  It  does  not  appear  at  the  antenna  terminals  and  is 
not  included  in  the  coupling  data  presented  here. 

Figures  4-5  and  4-0  show  the  phase  delay  of  the  coupling  vs.  distance  R  and  direc¬ 
tion  0.  In  the  linearly  polarized  array  (Figure  4-5),  coupling  phase  delay  is  linearly 
proportional  to  distance  R  and  nearly  Independent  of  angles  h.  In  the  circularly  polarized 
array  (Figure  4-0),  coupling  delay  is  linearly  proportional  to  distance  R  and  has  an  addi¬ 
tional  delay  20.  This  latter  dependence  accounts  for  the  vertical  displacement  of  about 
0.  333  cycles  (120  electrical  degrees)  between  the  3  diagonal  lines  connecting  coupling 
phase  data  In  the  3  cardinal  planes  of  the  circularly  polarized  array  (Figure  4-0). 

The  coupling  phase  delays  (Figures  4-5  and  4-0)  are  linearly  proportional  to 
distance.  This  is  very  important.  It  suggests  a  coupling  emanating  from  the  central  ele¬ 
ment  and  pi  >agatlng  radially  outward  at  a  velocity  slightly  less  than  the  velocity  of  light 
in  free  space.  The  slopes  of  these  curves  suggest  that  the  velocity  of  propagation  is  0. 90 

c  for  both  arrays, 
o 

4.  2  COLUMN  COUPLING  COEFFICIENTS 

Interelement  coupling  coefficients  (obt  lined  from  array  measurements)  were 
summed  along  each  column  to  obtain  empirical  column  couplings  as  defined  in  equadon(l-8). 
The  results  are  plotted  in  Figures  1-3,  1-4,  1-0  and  1-7.  Figures  1-0  and  1-7  show  the 
intensity  of  the  column  coupling  vs.  column  index  I  mi.  or  distance,  I  mtd^.  For  separations 
I  ml  >  1,  the  coupling  wave  appears  to  decay  exponentially  as  suggested  by  the  Zenneck 
Surface  wave  theory .  The  fit  between  empirical  data  and  the  exponential  decay  is  crude  and  is 
sensitive  to  small  measurement  errors .  An  exact  knowledge  of  the  coupling  amplitudes  is  not 
vital  to  the  determination  of  the  array  critical  scan  directions;  the  coupling  phase  is  the  im  - 
portant  parameter  and  for  that  a  good  mathematical  model  was  developed  in  Section  I.  The 
analysis  of  coupling  accumulation  at  the  critical  scan  angles  was  based  on  stationary  phase 
concepts  applied  to  the  column  coupling  contributions.  The  relative  phases  of  the  column 
coupling  coefficients  are  crucial. 
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Figures  1-3  and  1-4  show  the  phase  of  the  column  coupling  coefficients  vs.  the 
distance  between  the  coupled  column  and  the  reference  element.  Dots  represent  experi- 
m^ntal  data,  and  the  straight  line  is  a  best  fit  to  this  data.  Again,  the  phase  linearity  is 
excellent,  suggesting  a  uniform  velocity,  slow  wave,  coupling  mechanism  similar  to  the 
Zenneck  Surface  Wave.  Actual  coupling  velocity  depends  on  array  design.  Empirical  data 
in  Figures  1-3  and  1-4  suggest  coupling  velocities  of  90  to  92^  in  these  arrays,  with  a 
probable  accuracy  of  ±1^.  The  coupling  velocity  is  nearly  independent  of  antenna  polariza¬ 
tion  and  also  seems  to  be  nearly  the  same  for  element  and  column  coupling.  In  the  next 
section  it  will  be  seen  that  the  coupling  velocity  depends  strongly  on  frequency,  inter¬ 
element  spacing  Rq,  and  on  dielectrics.  This  nearly  uniform  coupling  phase  velocity  and 
phase  delay  per  column  (Jfrj)  were  used,  in  equations  1-10  thru  1-13,  to  identify  the 
critical  scan  directions.  Measured  element  radiation  patterns  show  deep  nulls  in  these 
same  critical  scan  directions,  as  will  be  seen  in  the  next  section. 

The  straight  line  variation  of  phase  delay  vs.  distance  between  columns  has  a 
direct  impact  on  array  scan  performance,  and  on  radar  coverage,  as  a  specific  example. 

To  steer  a  phased  array  in  the  azimuth  plane,  all  antennas  in  a  column  are  driven  in-phase 
and  consecutive  columns  have  a  uniform  phase  progression.  Thus,  a  plot  of  array  steering 
phase  shifts  vs.  array  column  index  would  also  be  a  straight  line  with  a  slope  proportional 
to  the  cosine  of  the  steering  angle  (equation  1-3).  When  the  array  is  steered  so  that  the 
steering  phase  advances  match  the  column  coupling  delays,  many  coupling  contributions 
add  in-phase  to  produce  a  large  electrical  reflection  inside  the  (radar)  system,  and 
relatively  little  transmission  through  the  array  face.  This  is  the  critical  scan  condition 
analyzed  in  the  first  part  of  this  reoort. 

4.3  ARRAY  ACTIVE  IMPEDANCE 

4 

Equation  (1-4)  showed  that  the  active  reflection  coefficient  (impedance  mismatch) 
of  any  element  in  a  phased  array  can  be  determined  exactly  from  a  knowledge  of  the  array 
steering  instructions  (fv»fv)  and  mutual  coupling  coefficients  (S  ).  For  the  uniform 
planar  array  being  studied,  the  steering  instructions  are  known  from  equation  (1-3);  the 
mutual  coupling  coefficients  were  measured  and  reported  in  Figures  4-1  and  4-2.  The 
resultant  array  mismatch  can  be  computed  for  any  array  scan  angle.  This  was  done  in 

the  case  of  the  linearly  polarized  array  scanned  in  the  intercardinal  (E)  plan*,  (<t>  *0). 

8 


S68-12 


4-9 


SECTION  V 


MEASURED  RADIATION  PERFORMANCE 

Many  factors  in  the  design  of  a  phased  array  antenna  influence  its  scan  coverage.  A 
planar  array  of  uniformly  spaced  coaxial  horn  antennas  (Fig^e  3-1)  was  the  test  vehicle 
used  to  evaluate  the  effects  of  some  of  these  array  design  choices  on  scan  coverage.  The 
variables  included  interelement  spacing,  element  polarization,  plane  of  scan,  presence  of 
radomes,  shape  of  the  ground  plane,  generator  impedance,  and  microwave  frequency. 

Each  of  these  changes  was  made  uniformly  on  every  element  in  the  array.  Each  physical 
change  was  followed  by  measurement  at  several  test  frequencies  of  the  radiation  pattern 
of  the  central  antenna  element  in  the  homogeneous  array  of  passively  terminated  neighbors. 
Four  representative  radiation  patterns  are  shown  and  explained.  The  scan  coverage  effects 
of  the  various  array  modifications  are  summarized  simply  by  stating  (or  plotting)  the 
presence  and  location  of  the  critical  scan  angle  in  the  intercardinal  plane. 

5.  i  REPRESENTATIVE  RADIATION  PATTERNS 

Figures  5-1  through  5-4  are  radiation  patterns  of  the  coaxial  horns  under  a  single 
test  condition.  The  antennas  were  circularly  polarized,  with  hemispheric  radomes  and 
grooves  in  the  ground  plane  between  elements.  Effective  interelement  spacing  was 
dx  =  0.  506a q.  Pattern  cuts  were  in  the  intercardinal  plane  of  the  array.  The  central 
element  was  connected  to  a  receiver  and  automatic  recorder.  All  remaining  antennas 
were  uniformly  terminated  in  open  circuits,  short  circuits,  or  50  ohm  resistors  as 
indicated.  Each  pattern  is  a  cartesian  plot  of  radiation  intensity  in  decibels  vs.  radiation 
angle  in  degrees  from  broadside.  Three  radiation  patterns  were  measured  in  the  inter¬ 
cardinal  pla-ie.  The  first  radiation  pattern  shows  the  element  response  to  an  electric 
field  in  the  plane  of  scan;  the  second  shows  the  response  to  an  electric  field  perpendicular 
to  the  plane  of  scan;  and  the  third  shows  the  array  polarization  ellipticity  and  net  power 
density  vs.  radiation  direction. 

Figure  5-1  shows  the  element  radiation  pattern  for  the  electric  field  component  in 
the  plane  of  scan  (lineal  horizontal  polarization).  Radiation  intensity  is  nearly  uniform 
within  an  angle  of  ±55°  from  broadside.  (The  small  ripple  is  attributed  to  array  edge 
effects. )  Deep  radiation  holes  appear  around  ±65° .  The  a  ,tenna  element  had  been 
previously  tested  as  a  single  element  on  a  large  ground  plane.  The  isolated  antenna 
pattern  showed  good  coverage  with  no  radiation  holes.  When  placed  in  an  array  of  like 
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Figure  5-1.  Element  Radiation  Pattern,  E  Component  in  Plane  of  Scan 
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Element  Radiation  Pattern,  E  Component  Perpendicular  to  Plane  of  Scan 
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5-3.  Element  Radiation  Pattern,  Response  to  Rotating  Linear  Polarization 
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elements  nulls  appeared,  as  shown  here.  These  nulls  are  a  consequence  of  coupling  to 
many  neighboring  elements  and  their  re-radiatlon  with  a  phase  delay  such  as  to  nearly 
cancel  the  direct  radiation  from  the  central  (active)  element,  at  the  critical  scan  angle. 
Equation  (2-13)  shows  that  a  deep  hole  In  the  element  pattern  (of  a  single  lobed  array) 
Implies  a  large  Impedance  mismatch  (ID-.  I)  In  the  active  phased  array  steered  to  this 
same  angle.  Equation  (1-13)  gives  the  slow  wave  coupling  velocity  (v  =  93%)  correspond- 
iig  to  t^us  critical  scan  angle  (0gc  =  ±65°)  and  electrical  spacing  (d^  =  0.  508'  ).  The 
mutual  coupling  phase  measurements  (Figures  4-6  and  1-4)  provided  independent  check 
on  the  coupling  velocity  and  also  show  vg  a  0.  93cq.  Note  that  the  radiation  pattern 
(Figure  5-1)  drops  sharply  at  55’ ,  and  has  a  radiation  minimum  at  ±65’ ,  whereas 
equation  (1-14)  shows  that  the  grating  lobe  peak  remains  outside  real  space  until  the  array 
is  scanned  to  ±78° .  Real  array  coverage  is  about  23°  less  than  that  predicted  by  the 
emergence  of  the  grating  lobe  maximum  into  real  space.  Grating  lobe  suppression  has 
been  the  criterion  commonly  used  to  determine  interelement  spacing  and  array  scan 
coverage.  That  criterion  is  inadequate  for  arrays  which  support  slow  wave  coupling  and 
must  be  replaced  by  the  formula  for  the  critical  scan  angle  of  equation  (1-13). 

Figure  5-2  shows  measured  element  radiation  patterns  with  the  electric  field 
component  perpendicular  to  the  plane  of  scan  (vertical  polarization).  The  coverage  is 
smooth  and  broad.  No  nulls  occur  within  the  forward  half  circle.  The  lack  of  nulls  in 
Figure  5-2  can  be  explained  in  terms  of  the  TMq  surface  wave  mode.  This  is  the  lowest 
order  surface  wave  which  can  propagate  over  a  metallic  ground  plane.  This  mode  is 
believed  to  be  the  coupling  mechanism  causing  the  nulls  in  Figure  5-1.  This  ideal  mode 
does  not  have  an  electric  field  component  parallel  to  the  ground  plane  (vertical  polarization). 
Consequently,  the  parasitic  elements  cannot  re -radiate  this  destructive  component  and  the 
smooth  "free-space"  element  pattern  is  preserved  as  seen  in  Figure  5-2. 

Figure  5-3  is  the  radiation  pattern  of  the  same  circularly  polarized  coaxial  horn 
using  a  facility  with  rotating  linear  polarization.  The  top  and  bottom  curves  are  envelopes 
of  the  polarization  ellipse;  their  vertical  separation  Is  the  radiation  elllptlcity.  The 
central  curve  Is  a  plot  of  the  net  radiation  power  density  vs.  angle.  It  Is  also  the  median 
antenna  response  to  a  randomly  oriented  linear  polr .  lzatlon.  This  antenna  element  had 
excellent  Internal  circularity  and  good  radiated  circularity  except  near  the  critical  scan 
region,  where  polarization  became  linear  and  perpendicular  to  the  plane  of  scan.  The 
depolarizing  mechanism  Is  a  surface  wave  external  to  the  array.  Consequently,  any 
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internal  electronic  techniques  for  polarization  discrimination  would  be  ineffective  near  the 
critical  scan  directions  of  a  phased  array. 

The  three  previous  figures  showed  element  radiation  patterns  measured  in  the 
inter  cardinal  plane  of  a  hexagonal  array  of  coaxial  horns.  Figure  5-4  shows  the  radiation 
pattern  of  the  same  element,  in  the  same  array,  measured  at  the  same  frequency,  but  in 
a  cardinal  plane.  In  this  plane,  there  are  no  radiation  nulls  for  either  linear  polarization 
component.  This  is  a  consequence  of  the  close  effective  antenna  spacing  in  the  cardinal 
planes  (dy  =  =  0.  557  dx  as  seen  in  Figure  4-1). 

Figure  5-5  is  an  orthographic  projection  of  the  hemisphere  in  front  of  a  planar 
phased  array.  It  is  a  sketch  showing  the  regions  of  large  coupling  accumulation  and  low 
radiation  efficiency  (shaded  area),  and  the  region  of  strong  array  coverage  (white  interior). 
The  size  and  location  of  the  region  of  poor  radiation  efficiency  depend  on  the  interelement 
spacing,  and  coupling  velocity.  The  parameters  R  =  0.  585a  ,  d  =  0.  506A  ,  and 

vs  =  °*  93co  were  in  Fi^ure  5"5-  These  are  the  actual  values  from  the°previous 
array  radiation  measurements.  Figures  5-1,  5-2  and  5-3  -ere  antenna  element  radiation 
cuts  in  the  iijtercardinal  plane  0  =  Figure  5-4  was  a  radiation  cut  in  the  cardinal 

plane  0  =  (2J()0).  These  radiation  patterns  are  array  performance  "cross -sections”  in  the 
principal  planes  of  Figure  5-5. 

5.  2  MEASURED  RADIATION  NULLS 

Next  consider  the  influence  of  frequency  "f "  and  electrical  spacing  between 
elements  (R0AJ  on  measured  array  scan  coverage.  The  physical  character  of  the  array 
(Figure  3-1)  remained  unchanged;  only  the  microwave  frequency  was  changed,  in  six  steps 
across  a  10%  frequency  band.  After  each  frequency  change,  the  element  radiation  pattern 
was  measured  (in  the  intercardinal  plane).  These  element  radiation  patterns  resembled 
the  radiation  plots  given  in  the  previous  section  (Figures  5-1,  5-2  and  5-3).  The  electric 
field  radiation  component  in  the  plane  of  scan  nearly  vanished  at  a  critical  scan  angle 
which  depended  on  frequency  and  electrical  spacing  between  elements  in  the  array.  In 
Figure  5-6  the  angle  of  these  radiation  nulls  0gc  is  plotted  as  a  function  of  inter-element 
spacing  (dxA0).  The  vertical  dashed  lines  represent  the  six  discrete  frequencies  (and 
electrical  spacings)  at  which  radiation  patterns  were  measured.  The  points  plotted  as  X 
locate  the  nulls  in  the  measured  antenna  element  pattern. 
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Figure  5-5.  Critical  Scan  Areas 
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Equation  (1-13)  gave  a  functional  relationship  between  the  critical  scan  angle  f?gc> 
the  array  electrical  spacing  (dxAQ)»  and  the  coupling  velocity  vg.  This  relationship 
yields  the  lower  five  curves  in  Figure  5-6.  The  upper  curves  show  the  location  of  the 
real  grating  lobe  vs.  scan  angle  and  array  spacing.  The  defining  equations  are 


and 


Hence,  the  similarity  between  the  contours  for  constant  coupling  velocity  and  for  constant 
grating  lobe  angle. 

Array  mutual  coupling  coefficients  were  measured  at  several  frequencies  (the 
same  ones  used  in  the  above  radiation  pattern  measurements).  At  each  frequency  the 
coupling  velocity  and  critical  scan  angle  were  computed  using  equations  (1-10)  and  (1-13). 
These  critical  scan  angles  (based  on  mutual  coupling  coefficient  measurements)  are  plotted 
as  "0"  in  Figure  5-6.  We  can  compare  the  minima  in  the  measured  radiation  patterns 
"X"  to  the  critical  scan  angles  obtained  from  coupling  measurements  ”0”.  In  nearly  every 
case,  the  critical  scan  angle  based  on  coupling  data  matched  the  first  minimum  in  the 
element  radiation  pattern.  The  scan  coverage  of  this  phased  array  is  limited  by  slow 
wave  coupling  accumulation. 

Next,  the  array  of  coaxial  horns  was  converted  from  circular  to  linear  polariza¬ 
tion  by  removing  the  quarter -wave -plate  from  each  antenna  element  (Figure  1-5).  The 
plane  of  linear  polarization  was  made  to  coincide  with  the  intercardinal  plane  of  the 
hexagonal  array,  and  the  element  radiation  patterns  were  measured  in  this  same  (hori¬ 
zontal)  plane.  These  are  the  conditions  conducive  to  launching  and  propagating  a  surface 
wave  on  the  arra>  face. 

The  linearly  polarized  array  radiated  practically  no  vertical  (cross  polarized) 
energy  at  any  angle  in  the  intercardinal  plane.  (This  is  to  be  expected  of  a  well  constructed, 
horizontally  polarized  antenna  element  in  a  homogeneous  symmetric  array).  The  linearly 
polarized  array  radiates  (or  receives)  horizontally  polarized  signals.  Its  element 
radiation  pattern  closely  resembles  Figure  5-1  which  showed  the  horizontal  component 
of  radiation  from  the  circularly  polarized  array. 


S66-12 


5-10 


Linearly  polarized  element  radiation  patterns  were  measured  at  eight  frequencies 
over  a  17%  band.  Deep  nulls  were  found  only  at  the  four  highest  frequencies  (four  largest 
values  of  These  measured  nulls  appear  as  "X"  on  Figure  5-7.  No  deep  nulls  were 

found  at  the  four  lowest  frequencies  (vertical  dashed  lines).  The  null  positions  were 
similar  for  linearly  and  circularly  polarized  arrays.  The  null  depths  varied  considerably 
with  frequency  and  polarization.  Usually,  the  circularly  polarized  array  had  the  sharper 
and  deeper  nulls.  This  could  be  a  consequence  of  the  looser,  slowly  decaying  terminal 
coupling  and  consequent  larger  coupling  area  in  the  circularly  polarized  array. 

In  the  previous  arrays,  each  antenna  element  was  covered  with  a  hemispheric 
radome  (Figure  1-5).  These  radomes  had  a  dielectric  constant  e  =  6.  0,  a  thickness 
T/Xq  =  0. 018,  and  a  radius  r/x^  =  0.  3.  All  radomes  were  removed  to  determine  their 
effect  on  array  performance.  A  large  element  mismatch  resulted  (VSWR  =  3).  The 
elements  were  rematched  by  identically  reducing  the  diameter  and  length  of  the  center 
conductor  in  each  antenna  of  the  array.  A  passive  (Sqq)  match  of  better  than  2. 0  VSWR 
was  achieved  over  the  17%  frequency  band.  Figure  5-8  is  a  photo  of  this  array. 

Element  radiation  patterns  were  measured  in  the  intercardinal  plane  at  eight 
microwave  frequencies,  first  with  all  radomes  in  place  and  next  with  all  radomes  removed 
and  the  elements  rematched.  Figure  5-7  showed  the  critical  scan  angles  measured  in  the 
array  with  radomes  in  place;  Figure  5-9  shows  the  critical  scan  angles  in  the  element 
radiation  patterns  measured  at  the  same  frequencies  after  removal  of  all  radomes  and 
rematching  of  the  elements.  At  the  four  lowest  frequencies  no  radiation  nulls  appeared 
either  with  or  without  radomes.  At  the  fifth  frequency  (for  which  d  /x  =0.  519), 
symmetric  nulls  appeared  at  ±64°  from  broadside  with  radomes  in  place.  At  this  frequency 
the  nulls  dissappeared  upon  removal  of  the  radomes.  At  the  three  highest  frequencies 
deep  radiation  holes  were  observed  both  with  and  without  radomes.  Removal  of  these 
radomes  caused  the  radiation  nulls  to  move  to  wider  angles,  thus  increasing  the  full  angle 
of  strong  array  coverage  by  an  amount  from  12°  to  50°  depending  on  the  frequency.  The 
angle  of  these  radiation  minima  can  be  used  to  compute  the  coupling  velocity  in  each  array 
at  the  three  highest  test  frequencies.  Radome  removal  caused  an  increase  of  nearly  7% 
in  this  coupling  velocity.  The  velocity  increase  was  nearly  the  same  for  the  three  test 
frequencies.  Furthermore,  this  velocity  change  was  in  good  agreement  with  the  7.  5% 
change  In  surface  wave  velocity  estimated  theoretically  in  Section  I. 
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Figure  5-9.  Critical  Scan  Angles,  Linearly  Polarized  Elements  without  Radomes 


In  each  of  the  previous  arrays  the  antenna  elements  were  mounted  on  a  metallic 
ground  plane  which  provided  hexagonal  grooves  around  each  antenna  element.  These 
grooves  were  a  consequence  of  the  antenna  physical  design  and  assembly  technique.  The 
grooves  were  nearly  uniform,  with  a  depth  0.  Uq  and  a  width  0. 0i7A  .  Their  similarity 
to  microwave  chokes  suggested  that  the  grooves  might  influence  the  coupling  velocity  on 
the  array  and  thus  its  critical  scan  angle.  To  check  this,  all  the  choke  grooves  wrre 
covered  with  metal  foil,  and  radiation  patterns  were  measured  at  several  microwave 
frequencies  before  and  after  foil  covering.  The  radiation  holes  did  not  significantly  change 
in  location  or  depth,  suggesting  that  these  chokes  had  littie  effect  on  coupling  accumulation 
and  array  scan  coverage.  (Experiments  at  Lincoln  Laboratory  and  at  Raytheon  have  shown 
a  strong  influence  of  choke  depth  on  the  position  of  the  radiation  nulls  measured  in  arrays 
of  small  rectangular  horns.  Presumably  the  grooves  used  in  our  tests  were  too  narrow 
and  too  shallow  to  seriously  impede  the  ground  plane  currents,  and  thus  did  not  influence 
the  coupling  velocity  or  radiation  nulls. ) 

Figures  5-1  and  5-2  showed  that  element  radiation  patterns  and  array  scan  coverage 
can  depend  on  the  array  terminal  impedance  (generator  impedance  in  a  transmitting  phased 
array).  The  antenna  elements  periodically  couple  and  load  any  wave  traveling  across  the 
array  face.  Changes  in  the  impedance  connected  to  the  antenna  terminals  could  affect  this 
periodic  loading  and  influence  the  array  coupling  coefficients  and  the  critical  scan  angles. 
Four  different  types  of  reactive  terminations  were  secured,  plus  50(2  coaxial  resistance. 
The  central  antenna  element  was  connected  to  a  detector  and  recorder.  All  neighboring 
elements  were  connected  uniformly  to  the  same  type  loads.  The  element  radiatio-  patterns 
were  measured  for  these  five  distinct  loads  and  at  three  different  microwave  frequencies. 
Three  of  the  reactive  terminations  gave  element  radiation  patterns  very  similar  to  those 
obtained  with  matched  (bOft)  loads.  The  fourth  reactive  termination  yielded  broad  element 
radiation  patterns  with  considerable  end -fire  radiat.on.  This  broad  coverage  could  be  ' 
very  desirable  in  some  radar  applications.  It  was  observed  at  all  three  test  frequencies 
using  uniform  terminations  of  two  different  physical  designs  and  having  similar  electrical 
lengths.  The  broad  element  pattern,  resulting  from  this  specific  set  of  reactive  termina¬ 
tions,  seems  to  be  a  true  and  accurate  performance  of  the  central  element  in  this  array. 
However,  strong  end -fire  radiation  is  not  theoretically  possible  in  a  very  large  array 
because  of  beam  broadening  with  array  scan  toward  end -fire  (see  equation  2-11).  In 
going  to  larger  arrays,  the  normalized  element  radiation  pattern  near  end -fire  must 
decrease  to  conserve  available  power.  It  is  not  known  to  what  extent  the  generator  im  ¬ 
pedance  :ould  be  used  to  effectively  control  scan  coverage  in  large,  real,  phased  array 
systems. 
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SECTION  VI 
ARRAY  COMPARISON 


Several  different  antenna-array  types  have  been  critically  analyzed  or  measured  at 
Sylvania  and  at  other  organizations.  Published  data  were  examined  and,  where  war¬ 
ranted,  meetings  were  arranged  with  the  principal  Investigators.  These  meetings  are 
listed  under  VISITS  and  VISITORS. 

Reported  performance  of  these  arrays  will  ue  reviewed  here.  The  arrays 
critically  evaluated  Include 

1)  Coaxial  horns  (Figure  1-5)  measured  under  this  and  a  related  contract 
(Appendix  C). 

2)  Flush  coaxial  horns  developed  by  Sylvania  Electronic  Systems  as  a 
proprietary  Item. 

Jj^52oHes0|^n  ie2K,l?ailgUlde  measured  and  analyzed  at  Bell  Telephone 

4)  Infinitely  long,  narrow  silts  In  a  metal  ground  plane,  analyzed  In  ADDen- 
dlx  A. 

5)  Dipoles  parallel  to  a  conducting  ground  plane  analyzed  In  Appendix  B  and 
References  15,  16,  and  17. 

Performance  of  these  arrays  can  be  classified  according  to  whether  or  not  they 
have  a  scanning  blindness  resulting  from  a  large  coupling  accumulation  and  the  emergence 
of  a  real  grating  lobe. 

Analysis  of  arrays  of  dipoles  parallel  to  a  flat  conducting  sheet  shows  no  radiation 
holes  attributable  to  either  slow  wave  coupling  accumulation  or  end-fire  grating  lobe 
radiation.  The  element  radiation  patte  rns  decreases  smoothly  and  the  magnitude  of  the 
mismatch  grows  smoothly  with  Increasing  scan  angle,  corresponding  to  the  approach  and 
entrance  of  a  grating  lobe  Into  real  space.  This  comparatively  smooth  scan  performance 
of  the  dipole  array  Is  related  to  the  radiation  pattern  of  an  Isolated  dipole  over  an  Infinite 
metal  sheet.  The  dipole  and  Its  effective  Image  do  not  radiate  along  the  ground  plane.  A 
large  dipole  array  does  not  radiate  strongly  near  the  ground  plane  and  couplings  do  not 
accumulate  to  a  maximum  corresponding  to  a  slow  wave  across  the  array  face.  These  are 
the  two  potential  causes  of  radiation  minima  In  phased  arrays.  They  are  suppressed  In  an 
array  of  dipoles  parallel  to  a  conducting  ground  plane. 

* 
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Measurement  of  Element  radiation  patterns  in  an  array  of  91  flush  coaxial  horns 
also  revealed  no  nulls  either  at  or  preceding  the  emergence  of  a  real  grating  lobe.  More 
extensive  data  on  this  element  is  needed.  All  of  the  remaining  arrays  evidence  holes  in 
their  scan  coverage  (similar  to  Figure  5-1)  at  or  preceeding  the  emergence  of  a  real 
grating  lobe.  Array  size  has  some  influence  on  the  scan  angle  at  which  the  radiation 
minima  occur.  Arrays  of  several  dozen  elements  have  radiation  minima  at  scan  angles 
a  few  degrees  nearer  broadside  than  those  found  in  very  large  arrays  of  similar  design. 
Antenna-array  design  details  also  influence  the  coupling  velocity  and  thus  the  angle  of 
radiation  minima.  Certain  radome  and  choke  geometries  retard  the  coupling  wave  and 
reduce  array  scan  coverage. 
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APPENDIX  A 

THE  INPUT  ADMITTANCE  TO  A  SLOTTED  ARRAY 
WITH  OR  WITHOUT  A  DIELECTRIC  SHEET 
L.  L  Par  ad 

The  performance  of  a  phased  array  is  dependent  upon  the  active  driving  point 
admittance  of  the  array  element  as  a  function  of  scan.  In  fact,  the  scan  limits  of  the 
array  are  set  by  the  element  mismatch  rather  than  the  grating  lobe  formation  (in  some 
cases,  the  large  element  mismatch  is  coincident  with  the  appearance  of  the  grating  lobe). 

A  number  of  papers  have  been  written  on  the  subject  of  the  element  match.  One  method 
(1)»  (2),  glvea  a  physical  insight  to  the  problem  but  gives  qualitative  rather  than  quanti¬ 
tative  results.  Another  approach^  which  yields  quantitative  results,  does  not  give  physical 
Insight  to  the  problem  and  is  very  complicated.  The  interpretation  given  in  reference  (4) 
of  Stark*  s'  derivation  is  useful  because  it  gives  one  an  understanding  as  to  why  the  input 
admittance  is  expressed  as  a  series.  However,  the  interpretation  is  not  valid  when  a 
dielectric  sheet  covers  the  array.  In  this  paper,  a  transmission  line  approach  will  be 
used  to  solve  the  problem.  Because  of  the  simplicity  of  this  approach,  it  can  be  applied  to 
/  more  complicated  problems,  such  as  an  array  covered  by  several  layers  of  dielectric 
sheets.  In  order  to  emphasize  the  approach  rather  than  the  solution  to  a  particular  pro¬ 
blem,  a  two  dimensional  problem  will  be  solved. 

The  geometry  of  the  problem  is  shown  in  Figure  A -I.  The  array,  which  consists 
of  a  large  number  of  slots,  lies  in  the  XY  plane.  Each  slot  is  infinite  in  the  » Y' 
direction  and  has  a  uniform  electric  field  "E",  independent  of  "Y*  in  the  "X"  direction. 

The  entire  array  is  covered  by  a  dielectric  sheet  of  thickness  "t"  and  relative  permitivity 
"c  r"*  The  array  of  slot*  ls  fed  with  a  progressive  phase  shift  vQd  so  that  the  main  beam 
is  steered  in  the  direction 


where 


vo  *  X  »ln  »0 

and  ihe  propagation  constant  in  the  "X"  direction 

k  is  the  free  space  propagation  constant 

eQ  is  the  direction  of  the  peak  of  the  main  beam. 
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BOUNDARY  CONDITIONS  AT  Z  -  0 

o  *  E  =  0 
-  _  “jndv 

°x  ‘  E  =  e  °  E  IN  SLOTS 


°x  •  E  =  0  ELSEWHERE 


SLOTS  ARE  INFINTELY 
LONG  IN  THE  "Y"  DIRECTION 


Figure  A-l.  Planar  Slotted  Amy  Covered  by  a  Dielectric  Sheet 


** 


The  input  admittance  of  one  slot  as  a  function  of  steering  angle  will  be  solved  by  the 
following  method. 

(a)  Express  the  field  at  Z  -  D  as  the  sum  of  an  Infinite  number  of  plane  waves. 

(b)  Determine  the  Input  admittance  at  Z  =  0  for  a  plane  wave. 

(c)  Compute  the  total  Input  power  at  Z  -  Ofor  an  aperture  having  a  length  "  I"  in  the 
'  '  JTyt.  direction  and  a  width  "d"  in  the  "X”  direcwion. 

jd)  Express  the  Input  admittance  In  terms  of  the  input  power  and  voltage. 

To  express  the  aperture  field  as  a  sum  of  plane  waves,  we  taxe  the  Fourier 

transform  of  the  aperture  distribution: 

_  .  /0  sin  (2N  +  l)(v  -  v  )  d/2 

*  .  v  roo  _  /  m  jvx.  aE  sin  av/2  J_ _ 2 -  (2) 

fy)  -  /_«,  Ex^x,0^e  **u  av/2  *  sin  (v  -  v0)d/2 

where  N  -  -and  -V  is  the  propagation  constant  In  the  "X"  direction.  Taking  the  Inverse 


transform  to  obtain  E  (x,  o)  results  in 


,  1  ”  aE  sin  av/2  (2N  *  1»,~vo)d/a  .-ivx„, 

i,x(x,0)  =  W  -«e  av/2  sin(v-vo)d/2 


(3) 


In  evaluating  equation  (3),  it  is  important  to  observe  that  the  integrand  is  zero  except 
in  the  vicinity  of  v  =  vQ  +  2rar/d  where  sin  (  v  -  vQ)  *  -j-  (  v  -  vQ).  Thus  equation  (3) 
may  be  rewritten  as 

sin  |  (vD  +  2ne/d)  j(  Wd)x 


Ex<*'°>-  W  E 

n 


-5-  (v  +  2njr/d) 
2  0 


v-(v0  +  2r«r/d-)sin(2N  +  1)(v  .  v  )d/2 

J _ _ _  dv 

v-(v  +  2iw/d+)  (v  -  v  )d/2 


('<) 


Ex(x,  0)  -  l 


sin  |  (vQ  +  2rw/d) 


,-j(v  +2rw/d)x 


d  “  4 


(5) 


11=- so  g  (v0+  ^ror /d ) 


Since  none  of  the  derivation  thus  far  is  dependent  ipon  the  dielectric  slab  being 
present,  let  us  momentarily  assume  the  dielectric  sla~  is  not  there.  Then  the  input 
admittance  to  a  plane  wave  is 


(8) 


_  «£  1 

Yi=ET  7]  cose 


cos  e  =  /  1  -  P 


/X  -  r?7  for  free  space  and  9  is  the  angle  the  incident  wave  makes  with  the 
YZ  plane.  The  Input  power  to  the  structure  for  a  length  "f  In  the  Y  direct! 
width  "d"  in  the  "X"  direction  is 


P  =  -1  /  1  EX,dxdy 
2  o  d/2 


EquationsTsTancRBI  can  be  inserted  into  equation  (7) 


*>  2  ,r  sin * (v  +  2-wr/d) 

a2*  I  E  I2  dp  £  *  ° 

2?  "d//2  n  \  (vQ+  2iw  /d) 

2 


-i(v  +  2im/d)x 
e  o 


00  sin a  (v„  +2mjr/d)  ,  _ 

V  *  2  0  e-j(v0  +  2mir/d)x 

n=-ooYim  a  o 

-  (v  +  2rmr/d) 


^  Y-  - 1 - - - -  e  °  dx 

m='°°  im  |(v0  +  2rw/d)  J 

Note  that  for  m  /  n,  the  integral  is  zero.  Hence,  the  power  supplied  b,  a  length  "f 
of  one  slot  is 

it 

sin  ^  (v„  +  2njr  / d) 

zjilYl  -  (9) 

2d  n=-o°n  |(v0+2nr/d) 


where  Y?  is  determined  from  equation  (6)  using 


1  =  input  wave  admittance  at  z  =  0 

in  7  ,  «  ,  (without  dielectric) 

rjyi“(vo  + 2iw/d>  /k 
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Hie  power  into  the  slot  in  terms  of  the  slot  admittance  is 
p  «  |  VI*  =  I  (Ea)(Ea)  *Y* 


Combining  equations  (9)  and  (11),  the  slot  input  admittance  is 


«  sin*  (v  +  2iw/d)  ^ 

Y .  «  4  £  Yfc  -g-J -  (12) 

*2iei2  a»i.  \  i  (%  +  Wd) 

where  Y^  is  given  by  equation  (10)  and  is  the  ratio  of  Hy/Ex  in  the  plane  Z  =  0  for  the 
nth  plane  wave  as  given  by  equation  (5). 

Consider  the  situation  where  the  array  of  slots  is  covered  by  a  dielectric  layer. 
In  this  case,  the  input  admittance  to  the  slot  is  still  given  by  equation  (12)  except  that 
must  be  computed  from  the  formula^ 


Y  i  =  Y 
in  xon 


+  i  Yon  ^  V  .  Hy 
Yon  +  i  y,„tan  <*d‘  Ex  Z=o' 


input  admittance,  seen  thru  dielectric 


where 


y _ -  5a  Mi 


V  cos  6* 


H»t  So  1 

Ejrt  V  i*  COB  eln 


=  characteristic  wave  admittance,  in  dielectric, 
referred  to  Z  direction. 


=  characteristic  wave  admittance,  in  air, 
referred  to  Z  direction 


fn  "  kyt~r  008  %  =yV 


‘s-Vt' 


=  wave  number,  in  Z  direction,  in 
dielectric. 


cos  °in=yl - ^  <vo  +  TT* 


cos  etn  =yi  -  —j-  (vQ  +  ^L) 
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0inis  thean6le  which  the  incident  wave  makes  with  the  YZ  plane 

0tnis  the  an*le  which  the  transmitted  wave  makes  with  the  YZ  plane  \ 

Hyj  and  Exi  are  the  incident  wave  fields  in  the  dielectric 

Hyj  and  E^  are  the  transmitted  wave  fields  in  space 

Some  consequences  of  equation  (12)  will  now  be  discussed.  The  input  admittance 
has  a  pole  when  Y^  has  a  pole.  From  equation  (13),  these  poles  con  occur  only  when  0 
is  an  imaginary  angle  (no  radiation).  It  has  been  shown  that  these  poles  correspond  to 
the  excitation  of  surface  wave  modes.  An  estimate  of  the  propagation  constant  ”v"  which 
gives  rise  to  the  admittance  pole  can  easily  be  obtained  from  equation  (7)  for  a  thin 
dielectric  layer  by  assuming  that 


tan  fit  =  /3t 

the  condition  for  the  admittance  pole  is  obtained  from  equation  (13)  as 


n  v2  _  1Wf/1  v2 


) 


v2  _£  +  £r 


1  +  4kV 


» l  +  k2t2  (-L£ — 1 ) 


e_  -  1 


(14) 


(15) 


(16) 


Note  that  for  kt  <0. 1,  the  propagation  constant  which  caused  the  admittance  pole  is 
essentially  equal  to  the-  free  space  propagation  constant  '  dependent  of  the  dielectric 
constant.  The  thickness  of  the  dielectric,  not  the  dielectric  constant,  is  the  important 
factor  in  determining  the  surface  wave  velocity. 

A  few  commerts  on  the  validity  of  this  approach  are  appropriate.  There  were  uvt 
assumptions  made  to  dei  ive  equation  (9).  One  assumption  was  that  the  array  was  infinite 
and  the  other  that  the  electric  field  across  the  slot  is  uniform.  The  infinite  array 
assumption  is  reasonable  for  many  of  the  large  phased  arrays  being  built  or  planned.  The 
asaur  iption  of  a  uniform  field  across  the  slots,  although  accurate  only  for  narrow  slots 
does  not  affect  the  position  of  the  input  admittance  pole  as  can  be  seen  from  equation  (9). 
The  aperture  field  distribution  can  affect  the  admittance  pole  by  eliminating  it,  which 

occurs  when  the  transform  of  the  aperture  field  has  a  zero  at  the  angle  for  which  Y. 
has  a  pole.  in 
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In  summary  the  Input  admittance  as  a  function  of  scan  angle  has  been  determined 
for  a  planar  array  scanned  in  the  "E"  plane.  It  is  shown  that  an  admittance  poh  occurs 
at  a  scan  angle  '/hich  corresponds  to  surface  wave  propagation  along  the  structure.  Since 
the  surface  wavr  propagation  constant  is  greater  than  that  of  free  space,  the  admittance 
pole  occurs  at  scan  angles  prior  to  the  emergence  of  the  grating  lobe.  Thus,  the  scan 
limits  of  a  phased  array  are  specified  by  the  admittance  poles  which  occur  in  the  same 
planes  of  scan  as  the  grating  lobes,  but  at  smaller  scan  angles.  The  total  input  admittance 
is  obtained  from  the  summation  of  an  infinite  number  of  terms.  However,  for  slots  about 
a  quarter  wavelength  wide,  equation  (12)  shows  that  the  summation  converges  rapidly  and 
several  terms  are  adequate  for  most  engineering  applications. 
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APPENDIX  B 


DIPOLES  IN  PHASED  ARRAYS 
L.  Pa rad 


B.  1  INTRODUCTION 

Since  the  dipole  is  the  best  known  antenna  element,  a  great  deal  of  work  has  been 
done  to  evaluate  its  performance  in  a  phased  array.  As  is  usual,  new  work  in  the  field 
has  supplantel  the  older  work  in  most  instances.  For  this  reason,  only  the  work  of  Stark 
and  that  of  the  Lincoln  Laboratory  group^^  need  be  considered.  Using  the  recent  work 
in  the  field,  this  section  will  evaluate  the  electrical  performance  of  a  dipole  above  a  ground 
plane.  The  array  of  dipoles  in  free  space  will  not  be  considered  since  it  is  the  equivalent 
of  a  slotted  array. 

The  most  important  electrical  characteristics  of  a  phased  array  antenna  element 
are  its  pattern  in  the  array  and  its  active  driving  point  impedance.  These  characteristics 
will  be  studied  for  both  infinite  and  finite  sized  arrays. 

B,  2  INFINITE  DIPOLE  ARRAY 

B.2. 1  Input  Impedance  as  a  Function  of  Scan  Angle 

The  driving  point  impedance  of  one  dipole  in  an  infinite  dipole  ?  rray  has  been  in¬ 
vestigated  by  Stark! The  array  geometry  without  a  ground  plane  is  shown  in  Figure  B-l. 
The  following  assumptions  are  made  in  the  analysis: 

1)  The  dipoles  are  thin  metal  strips  "L"  long  and  "8"  wide. 

2)  The  current  distribution  on  the  individual  dipole  is  sinusoidal 
(with  peak  current  at  the  dipole  center). 

3)  The  dipoles  are  driven  with  equal  amplitudes  and  phased  to  produce 
a  planar  wave  front. 

The  method  of  solution  is  to  express  the  current  distribution  in  the  XY  plane  as  a 
double  Fourier  Series  of  plane  waves.  For  example,  if  the  current  distribution  were  in¬ 
dependent  of  Y  and  consisted  of  an  infinite  number  of  pulses  aiong  the  X  axis,  the  series 
of  pulses  may  be  represented  by  a  single  Fourier  Series,  with  each  component  hav^g  a 
specific  amplitude  and  wavelength  along  the  X  axis.  Each  Fourier  Series  component  is  a 
plane  wave  having  no  Y  variation  and  whose  wavelength  in  the  X  direction  determines  the 
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angle  between  its  direction  of  propagation  and  the  X  axis.  Similarly,  a  current  distribution 
having  variations  in  both  the  X  and  Y  directions  can  be  represented  by  a  double  Fourier 
Series.  In  this  instance,  each  term  of  the  series  will  have  a  specified  wavelength  along 
both  the  X  and  Y  axis  which  specifies  the  propagation  direction  of  the  i  lane  wave.  Once 
the  set  of  plane  waves  which,  when  summed,  represents  the  current  distribution  is  found, 
the  electric  and  magnetic  fields  at  a  single  dipole  surface  is  known.  The  complex  power 
radiated  from  the  dipole  is 

P  ,  .  *  ff ..  ,  EXH*-  da.  (1) 

complex  2  3  3  dipole 

Equating  the  power  radiated  by  a  dipole  to  the  input  power,  the  dipole  input  impedance  is 
obtained  as 

Z  =:—L  f  f  EXH*.  ds  (2) 

•v 

where  I  is  the  current  at  the  point  at  which  the  impedance  is  being  measured,  instead  of 
o 

using  only  the  fields  produced  by  the  dipoles  shown  in  Figure  B-l,  the  effect  of  the  ground 
plane  ia  accounted  for  by  subtracting  another  identical  set  of  fields  displaced  by  twice  the 
ground  plan  *  spacing  The  resulting  expression  for  the  input  impedance  appears  very 
complicated,  but  can  be  interpreted.  The  driving  point  impedance  for  a  dipole  in  an  array 
of  dipoles  a  distance  S  above  a  ground  plane  is 


whtrt  the  term  m  «  0,  n  ■  0  Is  excluded  from  the  double  summation 
L,  a,  b,  and  5  are  defined  In  Figure  B-l 

v?  =  377  ohms 


X  is  the  free  space  wavelength 

9  ,  9  ,  and  9  are  the  angles  measured  between  the  main  beam  direction 

v  and  the  X,  Y,  and  Z  axis  respectively 


S  is  the  distance  between  the  plane  of  the  dipole  array  and  the  ground  plane 

ymnask^  [(co80xs  +  ^)2 Mcos9ys  +  £)2] 

and  is  the  propagation  constant  of  the  m,  n  k  plane  wave  in  the  Z  direction.  It  is  positive 
real  or  negative  imaginary. 

To  better  understand  equation  (3),  consider  an  array  of  N  dipoles  driven  by  current 

sources  and  phased  to  produce  a  beam  in  the  direction  9  -0.  The  power  radiated  by  the 

z 

array  of  dipoles  is 


Pr«dlated=?VI*-T  U*l*u*r 


(4) 


Using  equation  (3),  the  power  in  the  main  beam  (all  terms  under  £  ^correspond  to  grating 
lobes)  is 


abx 


If  the  array  is  steered  to  the  direction  9  ,  9  ,  the  main  beam  is  broadened  by 

x  y 


l/cos  =  1/ 

Z 


yr. 


2  2 
cos  9x  -  cob  9^ 


and  its  peak  power  density  varies  with  the  element  power  pattern.  Examining  the  first 
term  of  equation  (3),  the  beam  broadening  factor  is  present  so  that  the  rest  of  the  factors 
must  be  the  element  power  pattern  which  happens  to  be  complex.  The  real  part  of  the 
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element  power  pattern  Is  easily  shown  to  be  proportional  to  the  power  pattern  of  a  dipole 
with  the  assumed  current  distribution  above  an  infinite  ground  plane. 

Using  the  concept  of  a  complex  power  pattern  yields  an  understanding  of  equation  (3). 
The  first  term  is  the  element  power  pattern  evaluated  at  the  main  beam  peak  (i.  e.  cos  9 
and  cos  9yg  have  replaced  the  general  values  cos  9%  and  cos  0y)  times  the  main  lobe  width. 
Similarly,  each  term  under  the  double  summation  represents  the  power  in  a  grating  lobe. 
The  power  in  the  grating  lobe  is  obtained  as  the  element  power  pattern  evaluated  at  the 
grating  lobe  peak  times  the  beam  broadening  factor.  Since  th®  elements  are  located  on  a 
rectangular  grid,  grating  lobes  are  formed  as  the  angles 

cos  9  =  cos  9  +  -  m 

X  XS  3. 

cos  6  =  cos  9  +  c  n  /ftv 

y  ys  d  (o) 

Note  that  equation  (3)  converges  fairly  rapidly  if  a  reasonable  dipole  (L  =  0.  5x, 

0=0.  lx)  is  assumed.  For  these  dimensions  terms  for  |  n|  >  3  or  | m  |  >15  are  negligible 
and  a  useful  formula  for  the  dipole  driving  point  impedance  in  a  large  array  is  available. 


B- 2* 2  The  Relationship  Between  Element  Pattern.  Array  Patterns,  and 
Point  Impedance  - 1 - 


This  section  will  first  discuss  concepts  necessary  to  understand  the  operation  of  a 
phased  array  element.  It  will  then  discuss  the  specific  case  of  a  dipole  above  a  ground 
plane  phased  array  element.  The  following  two  definitions  are  needed: 

1)  Source  pattern:  S(#,<^):  The  pattern  measured  in  the  array  with 
one  element  driven  and  all  others  match  terminated. 


2)  Element  pattern:  E (0,0):  The  pattern  of  the  isolated  element  and 
ground  plane. 


The  array  pattern  may  be  expressed  in  many  ways.  One  common  method  is  with 
the  source  pattern  as  snown  below: 


„  „  j(2jr/X)  (md  sin  9  cos  6  +  nd  s..i  9  sin  6) 

A«W) -s  «W)£Zvmne  *  y  (7) 

where  S (9,<t>)  is  the  source  pattern,  Vmn  is  the  source  excitation  voltage,  d  and  d  are 
element  spacings  in  the  X  and  Y  directions,  and  9  and  0  are  the  usual  spherical  crordinates. 
The  double  sum  term  is  periodic. 


H  a  grating  lobe  resulting  from  thin  periodicity  is  allowed  in  real  space,  it  will  be 
suppressed  only  by  the  source  function  8(0,  0).  8(0,  <*>)  is  the  result  of  the  direct  radiation 
of  the  excited  element  and  the  fields  radiated  by  the  parasitically  excited  elements.  As¬ 
suming  that  the  scattered  radiation  pattern  is  identical  to  the  element  pattern,  the  source 
pattern  is 

_  „  J(2jr/X)(md  sin  0  cos  0  +  nd  sin  0  sin  6) 

8(M)-E(M)  EECmne  X  y  (8) 

where  E(0,0)  is  the  element  pattern  and  Cmn  describes  the  field  coupled  to  the  mnth  ele¬ 
ment.  Note  that  the  £  £  of  equation  (8)  is  periodic  with  the  same  period  as  the  array 
factor.  Hence,  if  E (0,<f>)  is  broad,  8(0, 0)  is  approximately  periodic  also. 

Aperture  type  elements  have  broad  element  patterns  which  fall  to  zero  along  the 
ground  plane  in  the  "H"  plane,  but  not  in  the  “E"  plane.  Thus  S(0, 0),  which  is  approxi¬ 
mately  periodic  in  the  "E"  plane  with  the  same  periodicity  as  the  array  factor,  will  have 
the  same  gain  in  the  grating  lobe  direction  as  in  the  main  beam  direction.  If  the  element 
spacing  is  large  enough  to  allow  the  grating  lobe  into  real  space,  a  sidelobe  comparable  to 
the  main  beam  peak  will  occur  Hence,  if  array  patterns  with  low  sldelobes  are  to  be 
achieved,  the  elements  must  be  spaced  to  keep  the  entire  grating  lobe  out  of  real  space. 

A  dipole  element  has  a  relatively  narrow  pattern  which  goes  to  zero  along  the 
ground  plane.  Hence,  S(0,-0)  cannot  be  considered  periodic.  However,  it  is  desirable  to 
determine  S(0, 0)  because  it  describes  the  array  gain  variation  with  scan  angle  as  shown 
by  equation  (8).  To  determine  the  source  pattern  of  a  dipole,  the  array  pattern  is  written 
in  terms  of  the  dipole  current  and  element  pattern. 

_  j(2ir/>)(md  sin  0  cos  0  +  nd  sin  0  sin  0) 

A(M)  =  E(M)  ZSlmne  x  y  (9) 

where  Imn  is  the  current  on  the  mnth  element  and  E(0, 0)  is  the  pattern  of  a  dipole  above 
a  ground  plane.  The  ratio  of  currents  ^^1  is  also  the  ratio  of  the  driving  voltages. 
However,  the  magnitude  of  I  is  dependent  upon  the  steering  angle  as  shown  by 

V 

j  Hill 

W  *  S!0  7  ZD(e,  (10) 

where  ZQ  is  the  generator  impedance  and  ZD(0, 0)  is  the  driving  poinUmpedance  when  the 
beam  is  steered  to  0, 0.  Thus,  when  a  linearly  polarized  array  of  dipoles  is  steered,  the 
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peak  of  the  radiated  field  does  not  vary  with  the  steering  angle  as  the  factor  of  the  isolated 
element,  E(0,  <p).  Instead  it  varies  with  the  element  factor  times  the  variable  ratio  of  the 
current  at  the  angle  0, 0  to  the  current  at  the  angle  6*0  =  0.  Thus,  from  equations  (8), 
(9),  and  (10)  the  source  pattern  of  a  dipole  in  an  array  is 


S(0,0)  =  E)6,0)y*jhS{  =  E(0,0) 


Z„  +  Zn(0,0) 


=  E(e,  0) 


l  -  r(6 


when  the  generator  is  matched  to  the  transmission  line.  Thus,  the  source  pattern,  which 
describes  the  variation  in  the  peak  gain  of  a  phased  array  as  a  function  of  scan  angle,  has 
been  determined  as  a  function  of  the  element  factor  and  the  driving  point  impedance.  Since 
the  element  factor  of  a  dipole  is  well  known,  the  major  effort  in  the  dipole  investigation  has 
been  to  determine  the  driving  point  impedance. 


B.  3  FINITE  SIZED  DIPOLE  ARRAYS 

Most  of  the  large  phased  arrays  being  constructed  are  large  enough  to  allow  most 
of  the  central  elements  to  be  considered  as  an  element  in  an  infinite  array.  In  the  design 
of  the  array  element  and  its  initial  testing,  a  reasonably  sized  array  must  be  chosen  to 
simulate  the  infinite  array  environment.  For  dipole  arrays,  the  input  impedance  vs.  scan 
angle  for  different  sized  arrays  can  be  computed  for  thin  dipoles.  From  these  compilations 
the  array  size  needed  for  developing  the  dipole  can  be  determined.  However,  before 
relying  upon  an  approximate  theory,  it  is  necessary  that  experimental  tests  confirm  the 
theory. 


B.  3.1 


>riment  and  Theoi 


To  close  the  gap  between  theory  and  experiment,  a  small  phased  array  of  dipoles 
was  tested  by  Lincoln  Laboratory;  '  Two  different  arrays  were  tested,  an  8  x  8  array  and 
a  7  X  7  array,  each  with  a  perimeter  of  dummy  elements.  The  dipoles  were  3/8A  long, 
had  a  length  to  diameter  ratio  of  13. 6,  and  were  fed  by  a  split -tube  balun.  Thus,  the 
dipoles  used  in  the  experiment  were  a  poor  approximation  of  the  thin  dipoles  usually 
assumed  in  the  theoretical  computation  of  mutual  impedance  between  dipoles.  Each  array 
was  steered  in  the  E  plane,  H  plane,  and  45°  plane,  and  the  input  impedance  of  a  central 
clement  measured.  Next,  the  input  impedance  was  computed  assuming  thin  3/8X  long 
elements  and  neglecting  the  presence  of  baluns.  Good  correlation  between  computed  and 
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measured  data  was  obtained  for  all  scan  angles.  In  all  cases,  the  deviation  in  the  magnitude 
of  the  reflection  coefficient  was  within  26%,  while  the  phase  deviation  was  less  than  24 
degrees.  For  most  scan  angles  the  correlation  was  much  better.  Because  of  the  correla¬ 
tion  between  experimental  and  theoretical  data,  theory  will  be  used  to  estimate  the  per¬ 
formance  of  dipoles  in  large  phased  arrays. 

B.  3. 2  Linearly  Polarized  Dipoles  on  a  Square  Grid 

(2) 

Linearly  polarized  dipoles  have  been  Investigated  in  detail;  The  active  input 
impedance  to  half-wave  and  short  dipoles  has  been  determined  as  a  function  of  element 
spacing  (spacings  considered  are  0.  5X,  0.  6x,  0.  7X,  and  0. 8X)  and  element  height  above 
the  ground  plane  (data  with  heights  of  0.  25x,  0. 125X,  and  data  with  no  ground  plane  are 
available  in  referenced  work).  A  typical  set  of  data  is  shown  in  Figures  B-2  and  B-3. 

This  data  is  similar  to  that  of  the  Lincoln  Laboratory  except  that  the  generator  output 
impedance  is  the  complex  conjugate  of  the  input  Impedance  to  a  single  dipole  above  a  ground 
plane  (the  previous  data  has  the  generator  output  impedance  equal  to  the  complex  conjugate 
of  the  active  driving  point  impedance  at  broadside).  Note  that  matching  the  isolated  ele¬ 
ment  produces  better  than  a  2.  3: 1  match  for  the  array  element  for  all  scan  angles  within 
an83*  included  angle  cone.  Hence,  if  it  is  desired  to  minimize  the  worst  VSWR,  the 
isolated  element  may  be  matched  as  a  first  cut.  A  better  match  would  be  obtained  if  the 
real  part  of  the  generator  impedance  were  100  ohms  instead  of  85.  66  ohms.  The  E  and  H 
plane  source  patterns  are  shown  in  Figure  B-3.  They  are  obtained  using  equation  (11)  and 
Figure  B-2.  Note  that  the  source  pattern  is  dependent  upon  the  generator  impedance  and 
that  the  E  and  H  plane  beamwidths  would  be  more  nearly  equal  if  the  real  part  of  the  genera¬ 
tor  impedance  were  made  100  ohms. 

B.  3.  3  Crossed  Dipoles  on  a  Triangular  Grid 

Dipoles  on  square  grid  arrays  have  been  discussed.  However,  the  scan  require¬ 
ments  of  many  arrays  can  be  met  with  fewer  elements  spaced  on  a  triangular  grid. 

* 

Since  there  is  no  published  data  on  this  subject,  the  problem  was  investigated.  Two  con¬ 
figurations  were  studied.  The  first  is  shown  in  Figure  B-4.  It  consists  of  0. 4x  crossed 


$ 

Bliss  Diamond  of  Lincoln  Laboratory  has  indicated  that  he  has  data  on  infinite  arrays  of 
crossed  dipt  les  on  a  triangular  grid.  This  work  is  not  presently  available  for  dissemi¬ 
nation. 
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Figure  B-3.  E  and  H  Plane  Source  Pattern  of  Center  Element  of  9  x  7  Array 

at  \/Z  Dipoles  k/4  Above  a  Ground  Plane  with  Element  Spacing  0.6  \ 
square.  Generator  Impedance  is  conjugate  of  Isolated  Element 
Impedance. 


dipoles  spaced  0. 6x  apart  on  an  equilateral  triangular  grid  0.  25a  above  a  ground  plane. 
The  0. 4A  dipole  length  was  chosen  as  a  realistic  dipole  length.  The  second  consists  of 
0. 2x  crossed  dipoles  spaced  0.  3A  apart  on  an  equilateral  triangular  grid  0.  25a  above  a 
ground  plane.  This  configuration  was  chosen  to  determine  the  coupling  effects  for  close 
spacings.  The  results  are  presented  at  the  end  of  this  section.  A  number  of  assumptions 
were  made  in  the  analysis.  They  consist  of  the  following: 

1)  The  dipoles  are  thin. 

2)  All  Y  oriented  dipoles  (he *  aby  called  Y  dipoles)  nave  the  same  input 
impedance. 

3)  All  X  dipoles  have  the  same  input  impedance. 

4)  All  dipoles  are  excited  with  equal  amplitude  incident  waves. 

5)  The  phases  H  the  incident  waves  are  chosen  to  form  a  ramp  phase 
front  at  the  aperture. 

6)  The  elements  are  excited  by  realistic  (not  current)  sources. 

The  active  driving  point  impedance  of  the  dipole  is  required.  To  determine  this 
impedance  it  is  first  necessary  to  compute  che  mutual  impedance  between  dipoles.  Since 
crossed  dipoles  above  a  ground  plane  are  to  be  examined,  the  mutual  impedance  between 
elements  which  are  parallel  or  perpendicular  and  which  do  or  do  not  lie  in  the  same  plane 
must  be  obtained.  Because  of  the  general  nature  of  this  problem,  the  integral  method  of 
Baker  and  LaGrone'  '  is  used.  With  this  data,  the  input  impedance  to  the  central  Y  dipole 
can  be  computed  as 


>  =  Z“  •  Z»taaee  +  £  diplea  ‘  7T 


x  dipoles 


(  Z  -  Z  image) 
'x  mn  x  mn  6  ' 


x*mn 


(12) 


where  7  7,  excludes  the  m  =  1  -  n  term,  Z  is  the  mutual  impedance  between  the  mnth 
*"  u  y  mn  th 

Y  dipole  and  the  central  Y  dipole,  xZmn  is  the  mutual  impedance  between  the  mn  X  dipole 

and  the  central  Y  dipole,  Zjj  is  the  self  impedance  of  the  dipole,  Ijj  is  the  current  o  i  the 


S66-12 


B-12 


central  i  dipole,  and  xImn  and  yImn  are  the  currents  on  the  X  and  Y  ran01  dipoles.  A 
similar  expression  may  be  written  for  the  central  X  dipole.  By  using  assumptions 
2  through  5,  equation  (12)  may  be  rewritten  as 


ix  1  +  r 

Z,  —  Z  +  m -  Z  -  Z  J 

y  in  y  I  c  o  1  -  r 
y  y 


„  \  1  +  rx 

z  =J-zn  +  z  =  z  — JL 

c  in  I  c  x  o  1  -  T 

x  X 


(13) 

(14) 


where  Zq  is  the  characteristic  impedance  of  the  feed  cable,  Fx  and  r  are  the  reflection 
coefficients  of  the  X  and  Y  dipoles  and  y 


zy  ■  Z11  •  Zlllmage  +  l  <yZmn  -  yZmnimage)e 


j  sin  0(d  cos  0  +  d,  sin  0) 

A  X  V 


Z  =  l  u  (Z  -  VZ  image)e 
C  x  dipoles  x  mn  x  mn 


j  sin  0(dxcos  0  +  d  sin  0) 


Zy  and  zc  and  zx  as  obtained  from  the  computer  are  given  in  Tables  B-l  and  B-2. 

In  the  principal  planes,  xzlnand  ,Z^  are  given  directly  by  the  values  of  Z  and 
Zy  in  Tables  B-l  and  B-2.  In  the  planes  0  =  30°  and  0  =  60° ,  the  ratio  of  I must  be 
known  before  the  total  input  impedances  to  the  X  and  Y  dipoles  are  obtained.  Thus,  the 
relative  phase  and  amplitude  of  the  waves  incident  upon  the  X  and  Y  dipoles  must  first 
be  decided  upon.  Next,  equations  (13)  and  (14)  are  solved  for  Ijl  and  the  same  equations 
are  then  used  to  determine  xZin  and  yZin<  To  solve  for  the  driving  point  impedances, 
let  the  crossed  dipoles  be  fed  by  a  quadrature  hybrid  with  the  wave  incident  upon  the  X 
dipole  leading  that  in  the  Y  dipole  by  90° .  The  results  of  these  computations  are  shown 
Li  figures  B-5,  B-6,  B-7,  and  B-8.  In  all  cases,  the  Smith  Charts  have  been  plotted  by 
adding  +  J115  to  the  computed  impedance  and  dividing  by  45.  3  (the  self  impedance  of  the 
dipole  is  42-J113).  From  these  figures,  it  can  be  seen  that  matching  the  isolated  dipoles 
would  provide  an  excellent  first  cut  try  to  matching  the  array  element. 
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TABLE  B-l 


CONTRIBUTIONS  TO  IMPEDANCE  yZ^  at  Fq 


Zy^8=°* 


50.8-1152 


20 

59. 9-J146 

30 

66. 3-jl31 

40 

64. 6-J124 

50 

67. 4-J108 

60 

58.5-J84.8 

70 

38. 0-J72. 0 

56. 8- }  152 
80  4- 
58. 0-J144 
69.4-1135 

57.8- J120 
53. 0-jl05 


Z  ;</>  =  60° 
y’  rs 

Z  ;  <f>  =90* 
y* 

56.  8-J152 

56.8-J152 

58.1-J150 

55.  7-J150 

55.  2-J142 

52.  3-1144 

49. 9-J134 

44.8-1134 

40.  9-J120 

33.8-1121 

32. 7-J109 

22.  7-J115 

23.  6-1103 

11.6-jlll 

11.4-J99 

6.  6-J109 

Zc;V0or 


W30  zc;0s  =  6o 


TABLE  B-2 

CONTRIBUTION S  TO  IMPEDANCE  Z.  at  F 


08 

Z  »0° 

X  8 

Zx;*a  =  301 

zx;Veo- 

Zx’*s  *  90 

0 

58. 8-J149 

58.8-1149 

58.8-1149 

58.8-J149 

m 

56.  7-J147 

57.8-1149 

58.  6-J151 

58. 8  -  jl  51 

■ 

5. 13-1142 

55. 7-J144 

58.8-1141 

62.  3-J142 

44.  6-J135 

48.9-1135 

60.  7-1136 

64.4-J133 

40 

35.  5-1125 

42.4-jl25 

55.9-J120 

66.  6-1113 

50 

22.2-1114 

32.  3-J116 

53.  6-J107 

63.  5-J95. 1 

60 

11.  7-J109 

21.3-1105 

48.  5-189.  6 

61.0-J50.0 

70 

5.4-1108 

17.4-196.7 

29. 8-J79.  5 

60.  5-J24. 0 

I-.'  *  . 
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Figure  B-5.  Input  Impedance  of  X  and  Y  Dipoles  in  0  =  0°  Plane  (Circular 
Polarization). 
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Principal  plane  patterns  for  both  the  X  and  Y  dipoles  are  obtained  using  Figures 
B-5  and  B-8  with  equation  (11).  The  results  are  shown  in  Figure  B-9.  Note  that  array 
effects  broaden  the  E  plane  pattern  considerably  for  both  planes,  but  only  affect  the  H  plane 
pattern  in  the  plane  of  scan  which  allows  the  grating  lobe  to  enter  real  space.  The  grating 
lobe  effect  is  gradual,  first  taking  place  at  a  oCan  angle  of  about  55° . 

The  reflected  power  in  both  the  driven  and  orthogonal  ports  of  the  quadrature  hybrid 
can  be  directly  determined  from  Figures  B-5,  B-6,  B-7,  and  B-8.  The  reflected  powers 
are  (assuming  unity  incident  power  to  the  driven  port) 

driven  =  I  rD|24(rx-V2 


E 


orthogonal 


(17) 


The  terms  rD  and  rQ  can  be  obtained  directly  from  a  vector  addition  of  r  and  r  in 
Figures  B-5  thru  B-8.  The  results  are  shown  in  Figures  B-10  and  F.-ll.  *  y 

Figure  B-10  shows  rQ  as  a  function  of  9  and  0.  For  small  values  of  8,  |  r  |  is 
independent  of  0  and  the  phase  of  is  dependent  upon  20.  At  wide  steering  angles “where 

grating  lobe  effects  begin  to  occur,  |rD|repeats  for  60"  changes  in  0  and  the  phase  of  r 
varies  as  20.  Because  of  the  variation  of  the  phase  of  rD  with  0,  it  is  seen  that  there  i“ 
no  simple  matching  network  which  reduces  independent  of  0. 

Figure  B-ll  plots  rQ  as  a  function  of  0  and  0.  Note  that,  to  a  good  approximation, 
rQ  is  independent  of  0.  Hence,  a  matching  network  may  be  used  which  reduces  the  peak 
value  of  ro  at  wide  angles  at  the  expense  of  the  match  at  0  =  0° .  It  is  because  of  the  0  in¬ 
dependence  of  rQ  that  the  dipoles  were  not  matched  at  broadside.  Instead,  r  at  0=  45° 
was  minimized.  ° 


The  observed  variation  in  rQ  and  rD  with  0  is  expected  for  circularly  symmetric 
circularly  polarized  elements  because  the  coupling  coefficients  between  driven  ports  or 

between  orthogonal  ports  vary  as  20,  while  the  coupling  between  a  driven  port  and  an 
orthogonal  port  is  independent  of  0.'6' 


The  ellipticity  ratio  of  the  crossed  dipoles  was  computed  in  the  principal  planes. 
From  Figure  3-9  it  cau  be  seen  that  the  E  and  H  plane  beamwidths  are  approximately  equal. 
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SOURCE  PATTERNS  OF  X  AND  Y  DIPOLES  IN  d>  =  0  PLANE 
(CLOSE  ELEMENT  SPACING  ELIMINATES  GRATING  LOBE  PROBLEMS) 


SOURCE  PATTERNS  OF  X  AND  Y  DIPOLES  IN  <*  =  90°  PLANE 

2684 -66W 


Figure  B-9.  Principal  Plane  Patterns  of  X  and  Y  Dipoles  in  a  Triangular  Grid  Array. 
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However,  the  relative  phase  of  the  two  patterns  is  dependent  upon  0,  which  causes  the 
elliptieity  ratio  to  degrade.  Computations  show  that  the  ellipticity  ratio  is  better  than 
2  db  out  to  60°  in  the  0  =  0°  plane  and  out  to  50°  in  the  <p  =  90c  plane. 

All  the  results  thus  far  indicate  that  the  dipole  is  a  good  phased  array  element  for 
scan  angles  out  to  about  50  degrees  from  broadside.  fwo  other  results  are  required  before 
this  conclusion  can  be  reached:  the  bandwidth  capability,  and  a  verification  tint  the  chosen 
array  size  is  adequate  to  simulate  the  infinite  array.  It  is  known  that  an  isolated  dipole 
above  a  ground  plane  can  be  well  matched  over  a  reasonable  bandwidth  (a  match  better  than 
1. 2: 1  can  easily  be  obtained  for  a  7  per  cent  bandwidth).  Hence,  it  is  the  bandwidth  of  the 
mutual  coupling  that  had  to  be  investigated.  To  determine  the  mutual  coupling  bandwidth, 
the  element  length  in  wavelengths  was  kept  constant,  but  the  interelement  spacing  and 

height  above  a  ground  plane  was  reduced  by  7  per  cent.  The  results  of  these  computations 
are  shown  in  the  first  part  of  Table  B-3. 


TABLE  B-3 

DRIVING  POINT  IMPEDANCE 


(FOR  SCAN  IN  TWO  PRINCIPAL  PLANE?,,  AT  FREQUENCY  F  ) 

— - -  -  O' 


Array  Size 

=  137  Elements 

Array  Size 

O' 

=447  Elements 

e 

8 

xZta^s  ■  O' 

Z,  ;  0  =90 
x  in’  yb 

Zt  ;<)>  =0° 
y  in  rs 

yW80- 

jz.  =0’ 

y  in’Ts 

Z,  ;  6  =  90“ 
y  in’  vb 

0 

64.  5-J144 

64.  5-J144 

65.  3-J149 

65.  3-jl49 

66. 9-J147 

66. 9-J147 

10 

62. 1-J143 

68.  6-J144 

67.  3-J144 

63. 8-J148 

67. 0-J146 

64. 9-J14* 

20 

57.  6-J139 

66.  6— jl  36 

67.6-J142 

59.  2- jl 39 

67.  6-J140 

58. 4— jl  37 

30 

49.  5-J132 

72.  7-J126 

71.2-J130 

5C.5-J130 

69.  3-5131 

47. 8-J130 

40 

37. 0-J123 

66.  5— jl  10 

68.  5-J120 

35.  0-J123 

71.4-J119 

37. 5-J122 

50 

23.  l-jll8 

71. 1  -j'92. 0 

69. 1-J104 

21.  7-jl  18 

65. 4-J103 

23. 9- jl  18 

60 

11. 1-J117 

57.8-J66.2 

58.  2-J81.  9 

10. 4-J117 

61. 2-J85.  6 

12.  2-jl  18 

70 

4.2-J116 

33.  5-J44.2 

37.  2-J72.  3 

2. 4-J119 

40. 1-J68.2 

3.9-J120 

Comparing  these  results  to  the  principal  plane  impedances  in  Tables  B-l  and  B-2, 
it  can  be  seen  that  the  VSWR  remains  approximately  the  same.  To  check  the  array  sample 
size  used,  the  input  impedance  to  the  Y  dipole  in  a  447-element  array  with  the  same  reduced 
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■pacing  was  also  computed.  These  results  are  given  in  the  last  part  of  Table  B-3.  The 
two  different  array  sizee  give  essentially  the  same  central  element  input  impedance. 

Computations  were  also  made  on  elements  with  a  3  per  cent  larger  interelement 
spacing  and  heigh:  above  the  ground  plane.  In  general,  the  VSWR  was  slightly  worse 
everywhere  but  in  the  p  =  90°  plane.  In  this  plane,  which  is  the  H  plane  of  the  X  dipole,  the 
X  dipole  VSWR  increased  signiiicantly  at  the  angles  d  =  60°  and  70°,  indicating  that  signi¬ 
ficant  gratuig  lobe  affects  were  occurring  However,  if  steering  were  limited  to  a  100  degree 
includ'd  angle  cone,  the  worst  VSWR  in  the  principal  planes  would  be  about  2: 1. 

The  configuration  consisting  of  0.  2  A  dipoles  spaced  0. 3X  apart  on  an  equilateral 
triangular  grid  0. 25x  above  a  ground  plane  will  now  be  discussed.  The  close  spacing  was 
chosen  to  eliminate  any  possibility  of  grating  lobe  effects.  The  array  size  chosen  to  study 
this  problem  was  about  7x  square,  slightly  larger  than  that  used  to  study  the  0. 4X  long 
dipoles.  The  array  consisted  of  45  columns  and  29  rows  for  a  total  of  653  elements.  The 
driving  point  impedance  was  computed  as  a  function  of  scan  angle  in  the  two  principal 
planes.  The  data  is  presented  in  Figure  B-12.  The  matching  network  used  with  the  short 
dipoles  is  adjusted  so  that  the  broadside  impedance  lies  in  the  same  part  of  the  Smith  Chart 
as  it  does  in  Figure  B-5  to  allow  easy  comparison.  Note  that  the  equivalent  generator 
impedance  is  not  the  complex  conjugate  of  the  isolated  element  impedance,  since  this 
matching  technique  is  only  valid  for  elements  reasonably  far  apart  (as  far  apart  as  possible 
without  allowing  the  grating  lobe  into  real  space  for  any  of  the  desired  scan  angles). 
Comparing  Figures  B-5  and  B-12,  it  is  seen  that  scanning  in  the  H  plane  is  independent 
of  the  element  spacings  as  long  as  the  grating  lobe  ic  kept  well  out  of  real  space.  For 
E  plane  scanning,  the  real  part  of  the  impedance  variation  is  independent  of  the  element 
spacing,  but  the  reactive  part  is  dependent  upon  element  spacing.  However,  no  significant 
change  in  scan  performance  out  to  70°  is  observed.  Hence,  the  scan  performance  of 
dipoles  0. 6x  apart  is  almost  as  good  as  it  is  at  closer  spacings. 

B.  4  CURRENT  SHEET  ANTENNA 

Discrete  elements  have  been  analyzed  in  both  finite  and  infinite  arrays.  In  general, 
the  formulas  for  the  element  input  impedance  are  quite  complicated  and  must  be  solved 
using  computer  techniques.  To  obtain  a  simple  expression  for  impedance  variation  with 
scan  angle,  an  infinite  current  sheet  above  a  ground  plane  will  be  analyzed.  Since  a 
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current  sheet  may  be  thought  to  be  an  infinite  number  of  very  closely  spaced  small  dipoles, 
the  impedance  variation  with  scan  angle  will  be  similar  to  that  obtained  in  Figure  B-12. 

The  geometry  to  be  analyzed  consists  of  an  infinite  current  sheet  of  Y  directed 
current  in  the  XY  plane  with  a  perfectly  conducting  sheet  at  Z  =  -d  as  shown  in  Figure  B-13. 
The  problem  is  to  find  the  ratio  of  electric  to  magnetic  field  parallel  to  the  sheet  as  a  func¬ 
tion  of  steering  angle.  To  steer  the  beam,  the  current  sheet  is  excited  with  uniform 
amplitude  and  a  phase  shift  linear  with  distance.  Assuming  the  plane  wave  direction  is 
0  *  0©>  0  *  90° ,  the  ratios  of  magnetic  to  electric  fields  near  the  current  sheet  are 


snr/F 


for  Z  =  0+ 


H 

col<r5  cos9o>  forZ  =  °- 


where  equation  (19)  is  the  admittance  looking  into  a  short  circuit  from  a  transmission  line 
having  the  characteristic  adm itta nc /cos  0Q  and  propagation  constant  2 n  cos  0o/XQf^ 
The  total  impedance  seen  by  the  current  sheet  is 


cos  6 
€  o 


x 


1  -  »  “‘(iT 


COS  0. 


Equation  (20)  is  valid  for  scanning  in  the  0  =  90°  plane  (E  plane). 

Note  that  in  equation  (20),  the  numerator  is  simply  the  ratio  E y/Hx  of  the  excited 

plane  wave.  It  can  be  shown  that  for  a  plane  wave  steered  in  the  general  direction  0,0, 

o  o 

the  input  impedance  is 


/  2  2  2 
/u(cos  0  +  sin  0  cos  0  ) 
o  o  o 


c(cos  0^  +  sin  0  sin4 0  ) 
o  o  ro 

1  ‘ 1  co,(*7 cos  8°) 
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Figure  B-13.  Current  Sheet  Antenna 


Letting  d  *  Aq/4  and  plotting 

Znormalized  =  **  3\/)I  Z  "  ^  75  (22) 

the  Smith  Chart  plots  for  E  and  H  plane  scan  in  Figure  B-14  are  obtained.  The  peculiar 
normalization  of  equation  (22)  was  used  to  allow  a  di  :ect  comparison  of  Figure  B-14  with 
Figures  B-12  and  B-5.  Comparing  these  figures,  it  is  seen  that  Figure  B-12  is  very 
similar  to  Figure  B-14  and  that  the  impedance  plots  of  Figure  B-12  are  between  the 
impedance  plots  of  Figures  B-5  and  B-13  as  expected. 

Thus,  the  current  sheet  approach  first  suggested  by  Wheeler(8)  for  analysis  of 
dipole  arrays  without  a  ground  plane  has  been  shown  to  be  a  useful  approach  for  dipoles 

above  a  ground  plane  also.  With  this  approach,  the  scan  angle  limits  of  a  dipole  element 
above  a  ground  plane  has  been  established. 
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appendix  c 

FLIGHT  TEST  PERFORMANCE  DATA  ON  THE  MAR  RADAR  SYSTEM 

b.,,  ,Th!  MAR  Pl“,ed  ar”y  Sy“,em  Was  Sloped  by  Sylvan ia  under  contract  to 

UTl  "  Lab°rat0rie'  »««*<*«*  The  radar  use,  circularly  polar, aed 
.xuotua  horn  antenna  element.  to  a  planar,  hexagonal  array  similar  to,  but  much  larger 

the  array  used  to  this  study.  Extensive  flight  tests  over  the  MAR  radar  confirm  the 
surface  wave  analysis  In  th»s  study. 

A  radar  target  was  simulated  bj  an  airborne  transmitter  of  known  location  RF 

*"'.r,hrl“,l0n'  ^  alrt0rne  controllable  polarization  was 

tracked  by  toe  circularly  potarlxed,  phased  array,  radar  receiver  on  the  ground.  The 

power  output  from  the  receiver  sum  channel  was  recorded  as  a  function  of  array  scan 
The  envelope  of  this  sum  beam  rumclmum  versus  scan  Is  toe  antenna  element  radiation 
Consequently  we  can  compare  this  radar  flight  test  data*  with  analytical  and 
experimental  element  radiation  characteristics  obtained  to  this  study  contract. 

When  toe  MAR  radar  was  scanned  to  toe  directions  predicted  in  this  study,  radia¬ 
tion  minim,  were  observed.  Received  power  dropped  sharply  by  3  db,  and  elllpticity 
exceeded  15  decibels.  This  occurred  over  a  narrow  angular  tend  of  toe  shape  shown  in 
igure  5-5.  These  flight  measurement,  showed  that  in  the  critical  scan  directions  (near 
toe  edge  of  toeradardesign  coverage)  toe  radar  array  received  only  one  linear  polar, nation 
componrn  and  rejected  the  orthogonal  component  of  toe  "radar  echo".  This  could  be 
explained  by  surface  wave  propagation  across  toe  array  face  In  only  the  lowest  T  M 
mode.  The  measured  holes  in  toe  coverage  occurred  at  slightly  larger  scan  angles 
Implytog  a  Slightly  faster  surface  wave)  than  had  been  measured  to  the  sampl*torra,4nder 
this  .tody  contract.  This  could  be  due  to  any  of  several  small  differences  to  the  al  J 
e  ements  or  it  could  be  a  direct  consequence  of  toe  different  array  sizes.  (The  M&  array 

was  several  times  larger  than  toe  one  used  in  this  study.)  .* 

The  radiation  patterns  of  certain  edge  elements  to  toe  MAR  receiver  array  were 
measured.  These  edge  elements  showed  radiation  nulls  at  the  same  scan  angles  as  the 
nulls  to  toe  sum  pattern  of  toe  full  array.  However,  toe  edge  elements  radiated  non- 
symmetrlcally;  toe  deep  null  appeared  only  on  that  side  away  from  toe  array  center.  This 

*  Courtesy  of  John  Van  Dolman,  Bell  Telephone  Labs,  White  Sands,  New  Mexico 
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asymmetric  performance  of  the  edge  element  was  predicted  analytically.  Mutual  coupling 
and  re-radiation  are  possible  only  from  antenna  elements  on  one  side  of  an  edge  element. 
The  phase  delays  through  mutual  coupling  plus  radiation  retardation  add  In  multiples  of 
2>r  for  radiation  or  reception  at  the  critical  scan  angle  on  the  side  of  the  array  normal 
opposite  the  parasite.  This  accounts  for  the  asymmetric  radiation  null, 

The  antenna  element  coupling  coefficients  In  the  MAR  receiver  array  were  also 
measured.  The  coupling  data  resembled  Figures  4-2,  4-4,  and  4-6  of  this  report  except 
that 

1)  the  coupling  Intensities  In  the  MAR  array  were  reported  to  be  a  few  deci¬ 
bels  weaker  and, 

2)  the  MAR  coupling  velocity  was  repotted  to  be  a  few  percent  faster  than 
found  In  our  study. 

Measurement  of  the  HAR  radar  scan  coverage,  element  radiation  pattern,  and  mutual 
coupling  coefficient?  confirm  the  findings  in  this  study. 
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No 
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TEn 
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3  column  coupling  amplitudes 

*  velocity  of  light  in  free  space,  2. 99790  x  108  m/s 
»  spacing  between  elements  in  X  and  Y  directions 

*  dielectric  constant  of  medium 

*  total  radiated  field  intensity  (volts/meter) 

*  electric  field  radiated  by  the  m^1  element  per  unit  incident 
voltage 

*  radiated  field  intensity  (volts/meter)  from  the  whole  array 

*  radome  height  above  ground  plane 

*  free  space  wave  number 

=  wave  number  along  array  surface 
=  array  indices  locating  the  antenna  element 

*  characteristic  impedance  of  free  space  (377  ohms) 

*  reference  element  indices 

■  total  power  (watts)  radiated  by  the  array 
=  inverse  square  of  the  surface  wave  velocity 
=  spherical  coordinates 

=  mutual  coupling  coefficient  between  the  central  (0, 0)  antenna  and  the 
fra,  n)  antenna 

=  subscript  identifying  the  array  steering  commands 
=  radome  thickness 

=  transverse  electric,  wave  mode  in  rectangular  waveguide 
=  transverse  electric,  wave  mode  in  coaxial  waveguide 
=  transverse  magnetic  surface  wave  mode 

*  propagation  constant  normal  to  interface 
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LIST  OF  SYMBOLS  (Continued) 


mn 

Voo 

V 

s 

Vm 

*,y,z 

X 

z 

Z 

o 

Z 

3 

a 

y 


rm<Vs> 


SC 


sgL 

e  0 

sys 


V"y 
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=  volume  of  hemispheric  radome  dielectric 
=  drive  applied  to  the  (m,  n)  antenna,  amplitude  and  phase 
=  drive  applied  to  the  reference  element 
=  phase  velocity  along  array  surface 
=  incident  voltage  driving  the  m**1  antenna  element 
=  cartesian  coordinates 

-  distance  in  the  direction  of  surface  wave  propagation 

=  distance  normal  to  the  surface 

=  characteristic  impedance  of  the  transmission  lines 

=  tangential  surface  impedance 

=  attenuation  constant 

«  tangential  propagation  constant 

=  active  reflection  coefficient  at  the  m^1  element 

.  array  efficiency  *  conountd 

=  critical  scan  angles 

=  scan  angle  causing  an  end-fire  grating  lobe 
=  array  steering  coordinates 
=  wavelength  along  array  surface 

=  phase  increments  between  consecutive  columns  or  rows 

>e  piiase  of  the  mth  column  coupling  coeffic  lent 

*  mean  coupling  phase  delay  per  column 

=  effective  solid  an^le  surrounding  each  major  radiation  lobe  In 
real  space 


W 


=  angular  frequency 
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VISITS  L  VISITORS 


July  13,  1965  at  Sylvania 

Sylvania  Participants:  K,  Rau,  L.  Lechtreck,  L.  Pa  rad 

Bell  Telephone  Participants:  R  Pecina,  R  Lowell,  R  Rice,  R  Heidt, 

P.  Butzlne 

Subject:  Phased  Arrary  Tests 

October  21,  1965  at  Sylvania 

Sylvania  Participants:  L.  Lechtreck,  L.  Pa  rad 
RA.D.C.  Participant:  C.  Panldewicz 
Lincoln  Lab.  Participant:  D.  Be  me  I  la 
Subject:  Progress  Review 

January  17,  1966  at  White  Sands,  New  Mexico 
Sylvania  Participant:  L.  Lechtreck 
Bell  Telephone  Labs  Participant:  John  Van  Dolman 
Subject:  MAR  Radar  Performance 

January  18,  1966  at  Hughes  Aircraft  (Fullerton,  California) 

Sylvania  Participant:  L.  Lechtreck 

Hughes  Participants:  R  Tang,  L.  Stark,  E.  Dufort,  DuHamel 

Subject:  Array  Technical  Studies  under  AF19-628-4984  and  AF30  (602)-3886. 

April  19,  1966  at  Sylvania 

Sylvania  Participants:  L.  Lechtreck,  L„  Pa  rad 

Customer  Representatives:  Lt.  Col.  John  Toomay,  C.  Panldewicz, 

Dr.  R  Mack  - 

Subject:  Contract  Review 

July  14,  1966  at  Sylvania 

Sylvania  Participants:  L.  Lechtreck,  L.  Pa  rad 
RA.D.C.  Participant:  C.  Panldewicz 
Subject:  Progress  Report 

July  18,  1966  at  Lincoln  Labs. 

Sylvania  Participants:  L.  Lechtreck,  L.  Pa  rad 
Lincoln  Lab.  Participants:  B.  Diamond,  B.  Bemella 
Subject:  Dipole  Array  Theory  and  Tests. 


CONCLUSIONS 


Analysis  and  experimental  evidence  show  that  array  performance  can  vary  greatly 
with  scan  angle.  In-phase  coupling  accumulation  can  cause  deep  holes  in  the  scan 
coverage  uf  a  phased  array.  Coupling  accumulation  seems  to  be  largest  (deepest  radiation 
nuli»)  in  those  an"  jnna  arrays  which  provide  a  mechanism  for  launching  and  propap-  ig 
an  electromagnetic  wave  along  the  array  face.  In  some  arrays,  this  coupling  wave 
travels  nt  a  velocity  substantially  less  than  the  velocity  of  light  in  free  space.  Slow  wave 
coupling  accumulation  leads  to  radiation  minima  at  scan  angles  less  than  those  for  which 
a  grating  lobe  peak  enters  real  space.  In  this  case,  scan  performance  is  limited,  not  by  the 
classical  grating  lobe  considerations,  but  rather  by  cumulative  coupling.  Radiation  nulls 
can  occur  within  the  design  coverage  if  the  array  spacing  is  chosen  to  merely  keep  the 
grating  lobe  maxima  outside  real  apace  for  all  required  array  scan  diractions. 

In  a  phased  array,  mutual  coupling  between  any  pair  of  antenna  elements  is  usually 
quite  small.  Their  individual  effect  on  array  performance  is  usually  negligible.  Lt  rge 
degradations  of  array  performance  occur  when  many  coupling  contributions  add  in-phase 
in  the  critical  scan  regions.  For  this  reason,  cumulative  coupling  minima  may  hbt  be 
recognizable  in  the  analysis  or  test  of  small  array  samples  frequently  used  in  the  develop¬ 
ment  and  test  of  antenna  elements  for  use  in  large  phased  arrays. 

Multifunction  radars  frequently  use  phased  arrays  to  form  and  teer  high  roscutior 
radar  beams.  The  effectiveness  of  such  an  antenna  array  is  measured  m  terms  of  it« 
angular  radiation  coverage,  polarization  ratio,  active  impedance,  and  efficiency.  All 
these  aspects  of  the  antenna  array  are  related  so  that  serious  degradation  in  one  aspect 

is  usually  reflected  in  the  others. 

Consequences  to  system  performance  at  the  critical  scan  angles  depend  upon  the 
array  design.  Measurements  here  Juggest  that  one  linear  polarization  (electric  field 
in  the  plane  of  scan)  could  be  almost  totally  reflected  at  the  array  face  with  virtually  no 
radiation  of  this  polarization  at  these  scan  angles.  A  linearly  polarized  array  would  be 
blind  in  these  directions;  a  circularly  polarized  arruy  could  radiate  only  one  linearly 
polarized  component;  a  two  port  polarization  diversity  receiver  would  accept  the  same 
linear  polarization  (E  perpendicular  to  the  plane  of  scan)  at  both  antenna  terminals,  thus 
losing  polarization  discrimination  capability.  In  three-dimensional  space,  the  critical 
scan  regions  are  bounded  by  corrugated  conus,  parallel  to,  and  inside,  the  scan  surface 
defined  by  the  emergence  of  a  grating  lobe  maximum  into  real  space. 
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JZZZT*  dMP  ”'Siitl0!'  ho!“  «  deterioration  in  nrray  perfonnanc. 

ProVlded  th«,,  »«  *«*  o«.id.  the  .can  coverage 

2?  ar^4S,'  Amy  PMf<,rm,nc«  »“<=•>  deteriorates  abruptly  outside  the 

eq  i.ed  coverage  region  may  be  preferable  to  le.eer  degradations  spread  across  all 
•can  space  Including  the  .can  area  for  which  strong  army  coverage  desired 


RECOMMENDATIONS  FOR  FUTHER  STUDY 

Effective  use  of  phased  arrays  requires  an  accurate  knowledge  of  the  potentialities 
and  limitations  of  this  type  of  radiating  system.  Phased  array  understanding  remains  in¬ 
complete  in  certain  important  engineering  areas.  We  will  try  to  identify  those  critical 
areas  closely  related  to  this  study. 

This  study  has  shown  the  relation  between  the  angular  position  of  radiation  minima 
and  array  coupling  velocity.  Null  depths  in  measured  element  radiation  patterns  were 
found  to  vary  greatly  with  the  microwave  frequency  and  array  polarization.  Sometimes  a 
secondary  minimum  was  observed  at  a  wider  scan  angle  than  the  first  minimum.  Array 
coverage  Is  limited  by  the  first  minimum;  its  angular  location  has  been  explained.  The 
depth  of  the  first  minimum  and  the  occasional  observance  of  a  second  minimum  have  not 
been  fully  explained. 

Antenna  elements  for  large  arrays  are  usually  developed  *nd  tested  in  small  array 
samples.  Antenna  element  performance  is  known  to  change  significantly  in  passing  from 
a  small  to  a  large  array.  A  general  lh«ory  (  or  new  test  procedure)  is  urgently  needed 
to  extrapolate  element  performance  measured  in  a  small  array  to  performance  of  that 
same  element  in  a  large  array. 

An  array  of  flush  coaxial  horns  has  been  tested  and  reported  to  have  no  radiation 
nulls  in  the  forward  -  misphere  of  the  array  ( |0a|  <00°),  even  under  conditions  where? 
grating  lobe  approaches  and  enters  real  space.  A  more  critical  examination  of  this  high 
potential  array  element  is  needed. 

Finally,  a  variety  of  classical  slow  wave  structures  have  been  analyzed  by  others. 
Some  of  these  physical  shapes  resemble  phased  arrays.  Application  of  these  classical 
■olution/j  to  phased  array  problems  could  lead  to  techniques  for  estimating  coupling 
velocity  and  assuring  that  future  array  designs  have  cumulative  coupling  nulls  outside 
their  required  scan  coverage. 
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11  ASITAAtfV 

iiutual  coupling  in  a  phased  array  can  canaa  ita  radiation  performance  to  vary  with  electrical 
phaalng  used  to  ataer  the  uny.  Large  performance  degradationa  can  accrue  when  many  coupling 
contributions  add  In -phase.  This  happens  when  the  steering  phase  advance  equals  the  mutual  coupling 
phase  delay  between  consecutive  elements.  For  these  critical  scan  ii  recti  ana  reflections  can  be  very 
large,  and  the  antenna  army  will  transmit  or  receive  very  little  power,  as  evidenced  by  deep  holes  in 
the  element  radiation  pattern. 

A  large,  flat,  uniformly  speed  array  at  identical  antenna  elements  is  anslymd.  A  relationship 
Is  found  betwean  critical  scan  angle  and  mutual  coupling  coefficient!.  Klement  radiation  pattam, 
active  array  mismatch,  and  radiation  efficiency  ere  shown  to  be  equivalent  representations  of  phased 
array  scan  performance. 

Extensive  radiation  pattam  and  mutual  coupling  measurements  were  made  In  a  planar,  equi¬ 
angular  array  of  coaxial  hem  antennas.  Those  measured  mutual  coupling  coefficients  were  summed 
over  columns  of  the  test  army.  The  phases  at  these  column  sums  ware  found  to  vary  linearly  with 
distance.  At  tire  critical  scan  angle,  all  columns  on  ooo  tide  of  the  array  couple  in-phase  and 
re -radiate  destructively,  causing  deep  holes  in  array  coverage  and  In  element  radiation  pattern. 
Empirical  coupling  velocities  were  lea  than  the  bee  specs  velocity  of  Ugh*.  Radiation  holes  appeared 
et  scan  eagles  which  ware  smaller  than  those  for  which  tire  grating  lobe  maximum  antes  real  space. 

Marry  physical  pertuibatl'Jne  of  the  array  geometry  wore  investigated  experimentally  to  de tannin* 
their  influence  on  array  scan  performance.  Several  diverse  army  types  art  repeated  to  have  radiation 
minima  attributable  to  ln-ohase  cousllai  accumulatim. 
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